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FOREWORD

The development work described herein was conducted by Life Systems, Inc.
! during the period April 1, 1972 to December 31, 1973 under NASA Contract
! NAS2-6478. The Program Manager was Franz H. Schubert. Technical support
1 was provided as follows:

Personnel Areas of Responsibility
Timothy M. Hallick Parametric, endura.ice and parallel
technology testing
David E. Keck Electrical checkout and assembly
Richard D. Marshall Parallel technology testing
J. David Powell Electrical design
Franz H. Schubert Mechanical and system design
John W. Shumar Product Assurance Program
Richard A. Wynveen Program Administration, electro-

chemical support

The contract Technical Monitor was P. D. Quattrone, Chief, Environmental
Control Research Branch, NASA Ames Research Center, Moffett Field, California.
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SUMMARY

A six-man, self-contained Electrochemical Carbon Dioxide (CO,) Concentrating
Subsystem was successfully designed and fabricated. It was a preprototype
engineering model designed to nominally remove 620 kg (13.2 1b) C02/day with an
inlet air CO, partial pressure (pCO,) of 400 N/m“ (3 mm Hg) and an"overcapacity
removal capagility of 12.0 kg (26.4"1b) COZ/day. The design specifications were
later expanded to allow operation at Space Station Prototype ~SSP) CO2 Collection
Subsystem operating conditions.

A Parametric Test Program was successfully completed. The subsystem was tested
over g range of opeggtigg conditions, including hydrogen (H,) flow rates of 8.3
x 10 So 22.2 x 10 " m"/s (5 to 13.3 1/min), process air ffow rates of 0.011 to
0.029 m”/s (23 to 61 scfm), pCO, from 80 to 1025 N/m® 0.6 to 7.7 mm Hg), tempega-
tures from 293 to 302K (675 to gSF) and current densities from 5.4 to 43 mA/cm

(5 to 40 ASF). The subsystem underwent endurance testing at SSP operating
conditions for 189 days. Total accumulated operating time was 209 days.

The subsystem was designed with electronic control and monitoring instrumentation
to regulate performance, analyze and display performance trends, and detect

and isolate faults. The control and monitoring functions were physically separated
by housing the respective circuits in separate enclosures.

Ground Support Accessories (GSA) were included to provide electrical power, pro-
cess fluids, heat removal and parametric data displays allowing real time indica-
tion of operating status in engineering units.

A self-contained, Oxidizable Contaminant Removal Subsystem (OCRS) was designed,
fabricated, tested and incorporated into the six-man CO, concentrator's GSA to
eliminate trace contaminants from the process air althoﬁgh the major portion ot
the endurance test was completed, as requested by the National Aeronautics and
Space Adminis*ration (NASA), with the OCRS turned off.

A Product Assurance Program incorporated Quality Assurance, Reliability, Maintain-
ability, Safety and Material Conformance. Activities included conducting a
Design Review Meeting and preparing a Failure Mode Effects and Criticality
Analysis (FMECA), a Fault Detection and Isolation Analysis (FDIA), a Single

Point Failure Analysis (SPFA), a Safety Hazard Analysis (SHA), and Nonmetallic
and Metallic Materials Lists.

A parallel technology program verified baseline designs and advanced ele:trochemical
concentrator technology. This program included: an experiment to determine the
water vapor pressure above aqueous solutions of cesium carbonate (Cs,CO,); a
245-day endurance test including parametric scans at SSP operating cgndétions bny

a three-cell submodule having the six-man baseline configuration, a five-part

test pr°gffT on the one-man system after its 180-day endurance test under Contract
NAS2-6118'"/, a task to design, fabricate and incorjyorate electrochemical module
fault prediction circuits into the one-man system, the design and fabrication of

(1) References cited are at the end of this report.
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a CO, removal process efficiency computer; the design and evaluation of a humidity
exchinger, the evaluation of methods of using CO, concentrator power, and the
design, fabrication and evaluation of a module mgisture balance control.

A program to design, fabricate, and test a self-contained, six-man CO, concentrating
subsystem according to SSP specification was completed. The unit was“delivered

to NASA, Johnson Space Center (JSC), for testing with the other SSP subsystems.

The report on the SSP.CO2 Collection Subsystem is contained in a separate
document (2)

A program to develcp a steady-state computer simulation (mathematical model) of
an electrochemical depolarized CO, concentrator wtg)completed. The results of
this program are contained in a sé&parate document*™’.

e i w2 h o s w

INTRODUCTION .

Under the National Aeronautics and Space Administration (NASA) Contract NAS2-

6478, Life Systems, Inc. deve oped two six-man, self-contained Electrochemical
Carbon Dioxide Concentrating Subsystems. The first subsystem, referred to as

the CX-6 (Carbon Dioxide Concentrator, Experimental, Six-Man Subsystem), was
designed as a preprototype engineering model and experimentally characterized
through extensive parametric and endurance testing. The second subsystem, referred
to as the CS-6 (Carbon Dioxide Concentrator, Space Station Prototype, Six-Man
Subsystem), was designed according to Space Station Prototype (SSP) specificationms,
was fabricated, assembled, and was design verification and accertance tested

prior 10 being shipped to NASA JSC.

The program consisted of three major phases of activities:
1. Development of the CX-6.
2. Incorporation of SSP operating conditiogi for the CX-6 including,
as a goal, SSP design speigfications ?“7 and NASA Flammability and
Outgassing Specifications (CX-6 modified).
3. Development of the CS-6.
In parallel with the development of the two subsystems, activities were conducted
to advance the technology of the electrochemical carbon dioxide (CO,) removal :
method and to support CX-6 and CS-6 developments. !

To accomplish the above, the program was divided into seven tasks and program ‘
management functions. The specific objectives of the seven tasks were to:

1. Develop a six-man, preprototype engineering model of the CO, concen- i
trator (CX-6) capable of removing 6.0 kg (13,2 1b) CO,/day §ith an y
inlet CO, partial pressure (pCO,) of 400 N/m” (3 mm Hg). The subsystem
would haee a designed CO, removdl capability of 12.0 kg (26.4 1b) .
CO,/day and include PIOVZSiOHSto analyze performance trends, '

degect faults, isolate faults, and, in time, predict tailures.

e}



o e e e o e

Life Systems. Jnc.

2. Fabricate Ground Support Accessories (GSA) for parametric o7~ ' fe
testing of the subsystem.

3. Implement a Product Assurance Program to integrate relianility, ma..-
tainability, safety, quality assurance and material control concepts
into the subsystem during the total development phase.

4, Conduct component checkout, calibration, and design verification
tests, subsystem shakedown and design verification tests, subsystem
parametric or off-design verification tests, a six-month subsystem
endurance test,and a series of(g?rametric tests on the one-man CO
concentrating subsystem (CX-1) following the completion of its
testing under NAS2-6118 to obtain data on performance changes and
degradation rates following extended operation.

5. Prepare a mini-YFrezliminary Design package relating the electrochemical
CO2 concentra. ur design to the SSP program.

6. Conduct tests anl analyses in parallel with the development to advance
subsystem technology, design and performance, and, where appropriate,
evaluate new innovations.

7. Develoo a six-man. self-contained electrochemical CO, concentrator
according to SSP specifications (CS-6) to enable inc%rporation into
the Ai+ Revitalization Group (ARG) of the SSP Life Support System.

Tasks 1, 2, 3, 4, and 6 were concerned with the development of the CX-6 and
parallel technology activities while Tasks 5 and 7 were limited to the development
of the CS-6.

This report emphasizes the activities associated with the CX-6 and with the
technology tasks. Only a brief summary of CS-6 activities is presented. A
complete description of the CS-6 development activities is presented in Reference
2.

CARBON DIOXIDE CONCENTRATOR SUBSYSTEM (CX-6)

The CX-6 consists of two groups of hardware: the CO, removal hardware and the

CO, instrumentation hardware. The CO, removal hardware includes all the electro-
chémical and mechanical comgonents needed to continuously remove 6.0 kg (13.3

1b) COz/day from a 101 kN/m" (14.7 psia) atmosphere having a pCO, of 400 N/m" (3

mm Hg). The CO, instrumentation hardware includes all the electrfical and electronic
components and gensors needed to continuously control and monitor the CO

removal process. In addition, this hardware has built-in provisions to %heck

out the monitoring instrumentation operability.

Subsystem Design

Table 1 shows the des’yn specifications used for the CX-6. The table contains
two columns. The first column shows the specifications to which the CX-6 was
originally designed. "'n> second column shows SSP design specifications incor-
porated during the second phase of the program.

R e e TS
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Temperature, K (F)
Dew Point Temperature, K (F)
0, Partial Pressure, kN/m2 (Psia)
CO,, Partial Pressure, N/m? (mm Hg)
Neininal
Operating Range
Diluent

Process Air

Total Pressure, kN/m2 (Psia)
Temperature, K (F)

Dew Point Temperature, K éF)
02 Partial Pressure, kN/m< (Psia)

CO, Partial Pressure, N/m? (mm Hg)
Nominal
Operating Range

Diluent

Cooling Air

Total Pressure, kN/mZ2 (Psia)

Temperature, K (F)

HZO Supply (Humidification)

Pressure, kN/mZ2 (Psia)
Temperature, X (F)
Purity

291-297 14G35-75)
281-287 (46-57)
20.9-22.6
(3.04-3.28)

400 (3)
0-2000 (0-15)
Air Constituents

101-105
(14.7-15.2)
291-297 (65-75)

282-287 (49-57)
20.9-22.6
(3.04-3.28)

400 (3)
0-2000 (0-15)
Air Constituents

101-105
(14.7-15.2)
280-282 (44-49)

207 (30)
278-295 (40-72)
(®)

Life Systems, Jnc.
TABLE 1 SUBSYSTEM DESIGN SPECIFICATIONS
CX-6 CX-6 Modified

Number of Crew (Continuous) 6 6
CO, Removal Requirements, kg/d (Lb/Day)

Nominal (48-Hour Average) 6.0 (13.2) 6.0 (13.2)

Maximum (4-Hour Duration) 12.0 (26.4) 9.3 (20.4)
Cabin Atmosphere ”

Total Pressure, kN/m“ (Psia) 101-105 101-10S

(14.7-15.2) (14.7-15.2)

291-297 (65-75)
281-287 (46-57)
20.9-22.6
(3.04-3.28)

<400 (<3)
200-400 (1.5-3)
Air Constituents

Arbient + 1.49
{+ 0.22)

Dew Point + 3.2
(+ 6)

281-283 (46-5
20.9-22.6
(3.04-3.28)

381 (2.86)
200-385 (1.5-2.89)
Air Constituents

Ambient + 1.49
(+ 6.22)
Process Aiv
Dew Polint + 3.3
(+ 6)

Not Applicable(a)

(a) The module's internal humidifiers were eliminated from the SSP design

because of the closer tolerance on process air dew point specification,

282 1K (48 %2b).

dated May 16, 1870.

(b) Per NASA JSC Specification SD-W-0020, "Potable Water Specifications,"

continued-
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Table 1 - continued

H2 Supply 2
Total Pressure, kN/m“ (Psia)
Temperature, K (F)
Dew Point Temperature, K (F)

Hz + CO, Exhaust
Totai Pressure

Electrical Power
DC
AC

Purge Supply
Type Gas

Pressure, kN/m2

(Psia)

Coolant Liquid
Type Fluid
Pressure, kN/m2 (Psia)
Temperature, K (F)

Packaging

Gravity

Allowable Downtime
Duty Cycle

CX-6

117-152 (17-22)
291-297 (65-75)
283-289 (50-60)

Ambient

28 VDC
120 V«C, 60 Hz,
Single Phase

N
3f0 (s5)

H.0
281 (35)
280-282 (44-48)

Self-Contained
0-1 g(b)

10 Minl®)

Continuous

CX-6 Modified

<138 (<20)
291-297 (65-75)
283-289 (50-60)

Ambient(a)

28 VDC
120 VAC, 60 Hz,
Single Phase

N
3f0 (45)

H.0
281 (35)
280-282 (44-48)

Self-Contained
0-2 g(®

8-12 Hr
variable(d)

(a) During the 189-day endurance test portion, the CX-¢ was operated forzthe

final 1500 hours at elevated H., + C
(4.5 psia) above ambient to deﬁonst

0, backpressures of up to 31 kN/m
te operability of the electrochemicai

modules at projected CS-6 operating conditions for the SSP.

(b) The CX-6 must be designed without functional limitatior.s for 0 g application.

(¢) As a design goal and the major reason why a two-loop concept was selected

with each loop able to handle the total CO2 removal load.
(d) The SSP specification cites potential orbital On/Off cyclic operating mode.

S s - st Foan
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A major difference in the two sets of specifications is the source for the
process and cooling air. For SSP application, both process and cooling air are
supplied from the Cabin Temperature and Humidity Control Subsystem (CTHCS)
instead of directly from the cabin atmosphere. This results in a narrower
process air dew pcint range.

Otker significant specification differences were the allowable downtime and the
process air inlet pCO,. In the modified version, from 8 to 12 hours of downtime
wvere specified while the previous specificatioa called for less than 10 minutes.
The decrease in inlet pCO, from 400 to 381 N/m”~ (3 to 2.86 mm Hg) resulted from
crew distribution possibifities within, the SSP modules. For any crew distribution,

the pCO2 must be maintained at 400 N/m2 (3 mm Hg) or less in any SSP module.

Subsystem Design Concepts

The subsystem was designed for self-contained operation, i.e., all those func-
tions required to remove 6.0 kg (13.2 1b) CO_/day are contained within the CX-6
itself. Functions performed by other subsys%ems of a total life support system
were simulated by GSA.

For operation of the CX-6 under the original process air humidity range speci-
fications, the(}?ternal cell humidification concept developed and tested for the
one-man system had been selected. The modified specification limited the
process air dew point to 282 *1K (48 *2F). Internal humidification was therefore
not required. To maintain flexibility, however, the subsystem was designed with
modules having internal humidification. For operation under the modified specifi-
cation, the internal humidifier cavities were drained and the water supply was
disconnected at the subsystem interface.

To handle the maintenance downtime requirement of less than 10 minutes the CX-6
was designed with two loops, with either loop capable of handling the required

6.0 kg (13.2 1b) CO,/day removal rate. Maintenance could be performed on one

loop while the other loop performs the CO, removal function. For the SSP applica-
tion with its mandatory longer maintenancg downtime of 8 to 12 hours, the two-
1c0p concept was not required.

Subsystem. Features

The following is a summary of features that were incorporated into the CX-6 design:
1. Automatic system startup and shutdown with one button activation.

2. A two-loop configuration to minimize chance of loss of the CO2 removal
function and subsequent impact on interfacing subsystems (CO
reduction, water electrolysis, etc.). The goal was a maintefnance
downtime of 10 minutes or less. Each loop could operate independencly.

3. Each loop was designed for a CO, removal rate of 6.0 kg (13.2 1b/day
in an attempt to retain a subsyStem CO, removal rate of 6.0 kg (13.2 1b/day)
even after 180 days of endurance opera%ion.

~ gt
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10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20,

Insitu maintenance at the individual cell level for increased sub-
system reliability and longer module operating life without replacement.

A two-minute automatic start/stop, fail-safe nitrogen (Nz) purge.

Modules equipped with internal humidifiers to enable subsystem operation
over a wider range of air inlet humidity.

Ninety cells combined into two 45-cell modules to reduce auxiliary
hardware requirements and to enhance subsystem maintainability.

A hydrogen (Hz) bypass valve to permit continuous H, flow to other
subsystems, eVen though the CX-6 has both loops shug down, resulting
in minimum perturbation of other life support subsystems.

Quick-connects for all Line Replaceable Units (LRUs) and interface
connections.

A controller that maintains a constant CO, removal rate or regulates
this rate to match requirements reflected in the observed pCOz level.

Liquid (water) cooling of the electronics.

Maintainable instrumentation divided into three types with separate
power supplies for each and housed in separate enclosures: Control,
Monitoring, and Built-In Checkout (BIC).

DC-to-DC converters to electronically isolate the subsystem (protecting
the electronics from 28-volt input noises and transients and prevents
transmission of spurious failure signals to other instrumentation,
equipment or subsystems).

A 28-VDC subsystem except for the two process air blowers and the two
cooling air blowers which use 115V, 60 Hz.

Sensor level maintainability.

Electronic circuitry designed to readily adapt to computerized con-
trol and monitoring.

Manual override on blower speed, module current and module temperature
controls.

Voting capability on the H,-in-air sensor Yy using three redundant
sensors for output compariSon; dual redundancy for the module temp-
erature sensor by having two sensors with indication if sensor output
of one differs from that of the other.

Vented boxes for all electrical circuits.

(6)

NASA Flammability and Outgassing Specification as a design goal.
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Subsystem Operation

Figure 1 is a simplified schematic of the CX-6 showing the two-loop approach.

Tne subsystem operates as follows: process air is drawn through the modules

from the GSA by staged centrifugal blowers. Blower speed, hence, air flow

rate is controlled through blower voltage regulation. Hydrogen and N, purge

gases are supplied from GSA. The H, flow can be directed either thro&gh the
electrochemical modules or it can bypass the subsystem during shutdown of

both loops. The two-loop paths of H and CO. exiting from the modules are isolated
by check valves. Static water addltlon to tﬁe internal humidifiers (when used) from
GSA equipment is automatically controlled as water evaporates from the

humidifiers within the modules. The cooling air fans circulate cold air over
external fins of the modules. The independent on-off cooling fan cperation is
determined by the temperature level sensed in the air exit manifold of the

modules.

Subsystem Control and Monitoring
Three parameters are controlled during CX-6 operation:

1. Individual submodule current since CO removal rate is a direct function
of current.

2. Module temperature to maintain the cells at proper moisture balance,
i.e., to prevent cell dryout or flooding.

3. Process air blower speed to enable operation at optimum CO Temoval
efficiency while maintaining cell temperature.

There are two control modes: Mode A and Mode B. In Control Mode A, the three
contreolled parameters are manually set and automatically maintained at the
desired level independent of variations in other parameters.

In Control Mode B, current, process air blower speed, and module temperature are
automatically varied as a function of external input signals from the process
air or cabin pCO. and dew point sensors. The current level and air flow rate
are controlled ag a function of process air pCO As cabin pCO, increases,
reflecting insufficient CO, removal, the curreng and process aif flow rate
increase proportionally. ﬁodule temperature is controlled as a function of
process air dew point and is maintained at a constant differential above the
incoming air dew point for proper moisture balance within the cells.

To enable performance trend analysis, fault detection and fault isolation,

critical parameters of the CO, removal process are monitored. Sensors are

located throughout the subsys%em to identify when parameters fall outside tolerable
limits. The sensor information is displayed on the instrumentation panels of the
CX-6. It is used in manual isolation and identification of faulty components and
conditions. The sensor information is also used in analyzing the trend of the

CO, removal process. A self-checking feature of the monitoring instrumentation
is"also provided by means of the BIC unit.

The relationship between the plumbing hardware and the control and monitoring
instrumentation is shown in Figure 2.

L.;,;!
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Hardware Description

The (¥X-6 was designed and fabricated based on a LRU and a Line Replaceable
Component (LRC) concept. All major components such as modules, blowers, accumu-
lators, valves, instrumentation enclosures, etc. are easily maintainable using
minimum tools, fluid line quick-connects and electrical connectors. If a portion
of an LRU can be maintained after its removal, it becomes a LRC of the LRU. The
total subsystem consists of a series of LRUs mou..ted in a supporting structure
with interconnecting plumbing and wiring.

The CX-6 was subdivided into 17 LRU's and 10 LRC's as shown in Tables 2 and 3,
respectively. These tab{;i also show the maintenance accessibility of the
respective LRUs or LRCs. Each LRU has a specification which completely describes
it and its function. Appendix A contains a typical specification.

The detailed subsystem schematic, including LRUs, is shown in Figure 3. Photographs
of the assembled CX-6 are shown in Figures 4 and 5. The major LRUs are identified
on the figures. Figure 6 is an installation drawing of the CX-6 showing the
overall dimensions and identifying the interface locatioms.

992 Removal Hardware

The CO, removal hardware consists of electrochemical modules, process air blowers,
cooliné air blowers, H, solenoid valves, H, bypass solenoid valve, water solenoid
valves, N, solenoid valves, H, check valves, water accumulators, process air
filters, gnd the H2 flow sensgr and distribution mountings.

Electrochemical Modules. The function of the electrochemical modules is to
remove CO, from the process air. Each of the two electrocherical modules con-
sists of ghree 15-cell submodules, a process air inlet sensor, a process air
exhaust sensor, two module compression plates, and a cooling shroud. The three
submodules are retained between two module compression plates. The process air
inlet and exhaust sensors are mounted to the compression plates. A removable
front cooling shroud cover permits insitu cell maintenance of individual cells.
The two 45-cell modules of the CX-6 are shown in Figure 7.

The three submodules form common process air inlet and exhaust manifolds. Air
flows in parallel through all 45 cells. Hydrogen and water for humidification
(when used) are supplied separately to each of the three submodules. Hydrogen
and COé exhaust gas is vented individually from each submodule.
Electrochemical Submodules. Each of the three electrochemical submodules consists
of 15 individual cells retained between two stainless steel endplates. The 15
cells are thermally insulated from the stainless steel endplates by two, quarter-
inch thick polysulfone insulation plates to minimize thermal end effects.

Figure 8 shows end views of two different 13-cell submodules, one with and one
without its cooling shroud installed.

Process air flows through the 15 cells in parallel while H, flows through the
cells in series. The cells are electrically connected in Series. The humidi-
fier cavities of the 15 cells are connected in parallel with water drawn into

11
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Item
No.

TABLE 2 CX-6 LINE REPLACEABLE UNITS

LRU

Part No. Maintenance Access
No. Req. Front Back Left-Side

10
11
12

13

14

15

16

17

Module, Electrochemical
Blower, Process Air
Blower, Cooling Air
Valve, Solenoid, H2

Valv~, Solenoid, H2
By pass

Valve, Solenoid, H.,O
Valve, Solenoid, N2
Valve, Check, H2
Accumulator, H20

Filter, Process Air
Instrumentation, Control

Instrumentation, Monitor

Instrumentation, Built-In
Checkout

Sensor, Fluid Flow

Sensor, Differential
Pressure, Hz-to—Air
Sensor, Differential
Pressure, Air-to-Hzo

Mounting, H, Flow Sensor
and Distribiition

292 2 X X
297 2 1@ @)

296 2 X

274 2 X
249 1 X
250 2 X

275 2 X
290 2 X
235 2 X

248 2 X

313 2 X

314 2 X

315 1 X

307 4 2(@) ()

200 2 X

230 2 X

317 2 X

(a) Number of LRUs accessible from designated direction

12
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TABLE 3 CX-6 LINE REPLACEABLE COMPONENTS

Maintenance Access

Item Part No.
No. LRC No. Req. Front Back Left-Side
1 Submodule 291 6 X
2 Sensor, Process Air
Inlet 327 2 X
3 Sensor, Process Air
Exhaust 326 2 X
4 Sensor, Blower Speed 321 2 X

s pc(@) card B2,
Temperature Monitor 278 4 X

6 PC Card B3, Gas Flow
Monitor 279 8 X

7 PC Card B4, Liquid
Flow Monitor 280 2 X

8. FC Card B6, Transducer
Monitor 282 8 X

9 PC Card B7, Voltage
Level Monitor 283 2 X

10 PC Card B8, Coolant
Flow Monitor with Logic 284 2 X

(a) PC = Printed Circuit

13
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the cavities as required. For operation with the modified specification these
cavities were drained and served only a: «cl' spacers.

Fach of the 15 cells consists of three polysulfone parts (cathode frane, anode
frame and humidifier cavity), twc current collectors fcathode side and ancde
cide) and the electrode-electrolyte retaining matrix-electrode sandwich. The
nickel current collectors, with attached metal screen, form the two gas compart-
ments.

A Teflon s reen-asbestos matrix-Teflon screen composite forms the humidifier
membrane anl separates the air compartment from the humidifier cavity. Figure 9
is a photograph of the cell parts while Figure 10 is a single-cell functional
schematic. Table 4 lists ubmodule design data for the modified specification
of the CX-6.

Process Air Blowers. The function of the process air blowers is to draw air
through the electrochemical modules. The CX-€ has two process air blowers, one
for each 45-cell module. The blowers are located downstream of the modules to
eliminate the effects of air temperature Tise caused by blower heat generaticn.
The blowers selected for the CX-6 are multistage centrifugal blowers. The
blowers are foot-mounted, having electrical connectors and quick-connect inlet
and outlet flanges for ease of maintenance.

Cooling Air Blower.. The cooling air blowers blow precooled air over external fins
c~ :ne electrochemical modules to maintain module temperature at the desired

level. Each 45-cell module has one blower. The blower is of the centrifugal

type with a directly coupled induction motor. The blower is flange-mounted and

has an electrical connector.

Solenoid Valves. The CX-6 has four types of solenoid valves: H, bypass solenoid
val 'l, solenoid valve, N, sclenoid valve and water solenoid valve. The func-
tlon of the H, bypass soleng1d valve (one valve used in the CX-6) is to bypass
the H, flow from the oxygen (02) generation subsystem in case both loops of the
CX-6 §re shut down. This valvé is a three-way, solenoid-operated valve with the
normally closed port connected to the H, supply lines of the two modules. This
insures fail-safe stoppage of H flow t6 the subsystem in case of a power failure.

The CX-6 has two H, sclencia valves. Their function is to stop or provide H
flow to the electrSchemical modules. The valves are two-way, solenoid-epera%ed
and normally closed, again resulting in a fail-safe operation if power should
be interrupted.

The subsystem has two N, solenoid vaives to permit N, purging of either or both
loops during a shutdown: The vzlves are two-way, solenoid-operated and normally
open to permit purging during a ‘er failure.

The CX-6 has two water soleroid valves, one for each of the 45-cell modules. The
valves control tlie water fill of the water accumulators and are actuated by

limit switches located within the water accumulator. The valves are two-way
solenoid-operated and normally closed.

20

. el




| slyvd 1130 9-XD 6 FWNOId

pl—— g,

T X0329110) " ueexag
juelxIn) @poy3ied JI8TFTPTUNY

Life Systems, Jne.

19589
. X118
I9TFTPTUMYy 19)se9

Sutsnoy
I9TFTPTUMY

21

J0329110)
uaxan) apouy

l9)sen

XTI3BW 110D
_ suexy spouy




Life Systems. Jnc.

LOAD
CONTROL
e e
Air and CO C0., and Excess Hz
(At Ambienf (Af Electrolyte
Dew Point) Dew Po.at)
N
N
Cell Matrix
Humidifier N—" Retaining
Membrane \" \ Electrolyte
N
| N
N Anode (-)
B \
N
Cathode (+)/’1N \
N
\ N
N
N
P N
Polysulfone ﬁ
Parts | \
, \\ .
i\
I B AN N

0 — H,

Air, CO,‘ Depleted,
Saturated Near Electrolyte Dew Point

FIGURE 10 CX-6 SINGLE-CELL SCHEMATIC

22

|
i§ H
i
b

- ———




B o

Life Systems. Juc.

TABLE 4 SUBMODULE LESIGN DATA FOR
MODIFIED CX-6 SPECIFICATIONS

Nominal Operating Conditiomns

pCO2 at Inlet, N/m2 (mm Hg)

pCO. at Exit, N/m? (mm Hg)
r%ent,

Current Density, nA/cn (ASF)

Module Tenperature, (F)

Process A1r Flow, m3/s (Scfm)

h2 Flow, m 3/s (1/Min)

Performance Characteristics

Number of Cells

CO2 Removal

kg/d (Lb/Day)
kg/h (Lb/Hr

kg CO,/kg 0 Transfer Index
%uoval Efficiency, %
Average Cell Voltage, V

Heat Generated, W (Btu/Hr)

02 Consumed

kg/d (Lb/Day)
kg/h (Lb/Hr)
Hzo Produced
kg/d (Lb/Day)
kg/h (Lb/Hr)

Reliability Data

Failure Rate, Failure/Hr
MTBF, Hr
Spares (No. of Modules)

Nominal Design

Maximum Design

351 (2.63)

200 (1.50)

4.88

21.5 (20.0)

291 (65)

4.25 x 10~3 (9.0)
2.92 x 10~5 (1.75)

15

1.00 (2.20)
0.0416 (0.092)

1.9

69

0.25

72 (245)

0.524 (1.156)
0.0218 (0.048)

0.59' (1.302)
0.0246 (0.054)

1.76 x 10~
0.6 x 106
3(

373 (2.80)
199 (1.49)

8.10

35.5 (33.0)

291 (65)

34 x 10-3 (72)
3.21 x 10-5 (1.92)

15

1.54 (3.40)
0.0643 (0.142)

1.65

60

0.12

144 (491)

0.937 (2.065)
0.0390 (0.086)

1.057 (2.330)
0.0440 (0.097)

180-Day Mission Profile)
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The gas-carrying valves are connected via quarter-inch tube fittings. The two
water solenoid valves are equipped with double-ended shutoff, quick-connects to
prevent gas from entering the liquid loop during maintenance. All valves are
equipped with electrical conmnectors.

H, Check Valves. The function of the check valves is to isolate th: i .'T“‘z
gis mixtures exiting from the tvc 15-cell modules. This enables laintem%ce
td be performed on one loop while the other loop s in operation without allow-
ing gas to escape to the atmosphere. The check viives operate . - = simple
puppe aad spring design with an O-ring seal and have a cracking pressure of
2.3 kKN/m” (1/3 psid). The valves are mounted via quarter-inch tube fittings.

Water Accumulators. The function of the water accumulators is to supply feed water
«t the required pressures to the humidifier cavities of the electrochemical
sodules. The subsystem has two accumulators, one for each 45-cell module. The
accumulator uses a piston-cylinder arrangement with a rolling diaphragm seal.

The required water pressure is provided by a spring and a reference pressure from
the module process air outlet. The water pressure is always kept below the mod-
ule process air pressure to prevent flooding of the air cavities. A permanent
magnet mounted to the piston actuates two micro-reed switches. These switches
trigger a circuit which controls automatic refilling of the accumulator by
operating the respective water solenoid valve. The filling is upon demand as
water is required to humidify the air within the modules.

The accumlator has an electrical connector for the reed-switch signals.
Mechanical liquid connections are made by quarter-inch quick-disconnects with
double-ended shutcff. The unit, therefore, can be replaced and maintained
without allowing air to enter the fluid lines. Figure 11 shows an assembled and
a disassembled water accumulator.

Process Air Filters. The function of the process air filters is to remove possible
entrained liquid droplets from the module process air exhaust. Moisture can

only be present during operatior with out-of-tolerance conditions at the process
air interface or due to possible failure of a hmidifer membrane.

The filter consists of a cone-shaped hydrophobic screen, 170-mesh Teflon, sup-
ported by a 10-mesh stainless steel screen. The screens are mounted in a stain-
less steel cylinder. Quick-connect flanges are used to attach the filters
directly to the process air exhaust sensor blocks downstream of the modules.

Each loop has one process air filter located between the 45-cell module and the
process air blower. Figure 12 shows an assembled and a disassembled process air
filter.

H, Flow Sensor and Distribution Mounting. The function of the flow sensor
and distribution mounting is to divide the incoming flow equally between the
six submodules of the CX-6. The unit also senses floW rate levels to each of
the six submodules. Each loop of the subsystem contains one flow sensor and
distribution mounting. The mounting is a stainless steel machined block that
internally manifolds the flow into three parallel flow paths using three
orifices to provide equal flow.
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The flow sensors, located downstream of each of the three c-ifices, comsist
of tw electrically-matched thermistors wired externally to a bridge circuit and
amplifier to produce a voltage signal proportional to H, flow rate. The six
thermistors are threaded directly into the stainless stéel housing and are wired
to an electrical ccnnector. The mechanical connections to the mounting are made
via quarter-inch tube fittings.

CO.,, Instrumentation Hardware

Instrumentation is needed in *he CX-6 for the following reasons:

1. To controi parameters which must be maintained at specific operating
points or within specified ranges.

2. To control parameters which must track certain input signals provided
from external sources.

3. To control startup, shutdown and power-down mode sequences.
4. To monitor safety-related parameters to protect equipment and personnel.
S. Tc montior parameters for trend analysis and fault isolation.

6. To provide readouts of subsystem parameters in engineering units on
the Ground Checkout Unit (GCU).

The CO, instrumentation hardware was designed to operate from 28-VDC power.

Only tﬁe four blowers in the CX-6 use 115-VAC, 60 Hz power. Because of the two-
loop design concept, two identicel control and two identical monitoring instrumen-
tation packages were used. A single BIC package is capable of checking all of
the monitor cards in both monitoring instrumentation packages. The five instru-
mentation packages are shown in Figure 4.

The two packages on the top shelf with the indicators on their fromt panels
contain all monitor instrumentation circuits. Located between these two pack-
ages is the BIC package. Below these, on the second shelf, are the two packages
which contain all system control circuits. Also visible in this figure are the
circuit breakers and the manual START-STOP pushbuttonms.

Besides the control, monitoring and BIC instrumentation, the CO, instrumentation
hardware consists of a variety of sensors. The fluid flow sensgrs and H, -to-
air and air-to-water differential pressure sensors are LRUs. The procesg air
inlet and exhaust sensors and the blower speed sensors are LRCs.

Control Instrumentation. The control instrumentation provides the circuits for
automatic start sequencing with delayed module current, automatic shutdown
sequencing with N, purge, automatic control of module current and temperature
and blower speed fontrol with provisions for automatic or manual adjustments.

Jescription. Two control instrumentation packages are required, one for
each of the two loops. The control instrumentation is contained in an anodized
aluminum enclosure designed to be mounted with quick-connect fasteners to a cold
plate. Each of the two packages has its own power supplies. The enclosure has
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four electrical connectors on its outside surfaces. Figure 13 is a photo of the
control instrumentation package with its front cover removed. The components of
the control instrumentation package are listed in Table 5. Figure 14 is a photo
of the six Printed Circuit (PC) cards of the control instrumentation.

The control instrumentation package contains three manual/automatic switches and
three manual adjustment controls. These controls are normally covered by a
front panel as shown in Figure 4. The front cover is removed to provide access
to the controls during parametric testing.

ration. Figure 15 is a block diagram of the control instrumentation.
The first control system shown across the top is the closed-loop current control
for the three submodules. One input set point is used to simultaneously comtrol
the three currents.

The electrochemical modules generate voltage during operation. Each submodule
is connected through a current measuring shunt to a load transistor. The shunt
signal and an input set point signal are compared and the difference between
these two signals is used to drive the load transistors. In the manual mode
(Mode A), the set point signal level is determined by the manual adjustment
setting. In the automatic mode (Mode B), the signal is derived from an external
pCO sensor.

The second control system, shown in Figure 15, is an open-loop speed control for
the process air blower. The speed control logic contains phase-shifting, pulse-
generating circuits to drive the power control TRIAC. This results in a vari-
able voltage supply for the process air blower adjusted either manually or auto-
matically. In the latter the signal is derived from the p(:O2 sensor.

These two systems can be used in Mode B to control module currents and process
air blower speeds simultaneously, based on one external pCO Sensor Or computer-
generated signal.

The third control system, shown in Figure 15, is the module temperature control.
This closed-loop control compares the module temperature (as measured by therm-
istors in the process air exhaust sensor) to either a manual or external input
signal and turns the cooling blower on and off to control module temperature.

The last control system, shown in Figure 15, is the sequence control. It controls
sequencing of the five solenoid valves, application of current to the modules,

and power to the process air blowers in response to manual START/RESET or STOP
signals, or automatic shutdown signals from the monitoring instrumentation

package. It also provides automatic reset signals to the monitoring instrumentation
pickage during startup. An automatic shutdown or a manual STOP signal initiates

an automatic N2 purge sequence

Monitoring Instrumentation. The monitoring instrumentation provides safety
measures for personnel and equipment through automatic shutdown features and
trend analysis capabilities. It also aids in detecting and isolating faults to
the LRU level. The monitoring instrumentation provides the circuits which

28
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TABLE 5§ CONTROL INSTRUMENTATION PACKAGE COMPONENTS

PC Card Assembly

Card No. Name No. Reqd. ‘
Al Control Instrumentation Power 1 %
A2 Purge and Shutdown Logic 1 ]
A3 Start and Reset Logic 1
A4(a) Load Control 1
AS Temperature Control 1
A6 Speed Control 1

TOTAL 6

B

28V Input DC/DC Converters

Output Voltage Major Use No. Reqd.
+15 Amplifiers, Oscillators 1
+5 Logic 1
+24 Lamps, Relays, Solenoid Valves 1
TOTAL 3

Heat-Sink Assembly
3 Load Transistors
3 Load Transistor Driver Transistors
4 Solenoid Valve Driver Tramsistors
4 Solenoid Valve Diodes

2 AC Thyristors

3 Current Shunt Resistors

(a) double-width card assembly
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monitor module temperature and control instrumentation temperatures; HZ’ pro-

cess air, cooling air, and liquid coolant flows; H2 and water pressureS; individual
voltages; and process air contamination. The leveXs of the monitored parameters
are displayed on the Trend and Fault Analysis Panel, a part of the monitoiing
instrumentation package.

Descrintion. Two monitoring instrume.tation packages are required, oae for
each of the two loops. The monitoring instrumentacion is contained in an
anodized aluminum enclosure and is mounted with quick-connect fasteners to
the CX-6 frame. The enclosure has six electrical connecvors on top. Each
of the two packages has its own power supplies. Figure 16 shows the inside
of a monitoring incstrumentation package.

Figure 17 is a photo or the Trend and Fault Analysis Panel on the frunt cover ot
the monitoring instrumentation package. The readouts on this panel are indicator
lamps in five columns: G, A, FR, R and Sensors Differ. (G is green, A is amber,

FR is flashing red and R is red.) These ctand for the normal, caution, warning

and slarm levels, vespectively. Thle lights on this panel provide positive
indication of normul operation,as w~ll as lock-in or rtorage to prevent a momentary
cantion, warning or alarm Zrom going undetected. The panel contains a pu.sh-to-
test tutton to check for lamp status.

Table 6 lists the components of the monitor’ng *—e<trumentation pack 3. Figure
18 is a photc of six typical monitoring i -~“: -«. .ation PC cards.

eration. Table 7 lists the parameicrs monitcred and the levels at which

the Trend and Fault Analysis Panel lights switch from greein to amber, amber to
flashiug red and for subsystem critical pasameters from flashing red to red.
When a red level signal is reached the CX-6 is automatically shut down. The
outputs from the monitoring instrumentation go to four places: Trend and Fault
Analysis readouts, control instrumentation for automatic shutdown purposes, a
Subsystem Status Summary Panel, and ground checkout equipment for parameter
readout in engineering units.

The circuits required for monitoring one specific subsystem parameter are contained
on nne FC card. All monitoring instrimentation cards are basically the same.

The only differences are the signal conditioning circuit, the number of levels

in the level detection and storage area, and the direction fcr trend. Figure 1°¢

is a block diagram of & typical monitoring inscrumentation PC card.

A switch circvit is used to select either the signal from a sensor or an artificial
stimulus from the BIC equipment. The signal is then sent to the sigral conditioning
circuit. In some cases the signal conditioning function is performed at the

senscr level thus eliminating the need for the signal conditionii.g circuit. All
signal conditionin; is designed to produce a 0 to 5 volt DC signal as the parameter
Leing monitored varies over its normal range.

Following the signal conditioning circuit are either two- or three- level detector

circuits which can detect either increasing cr decreasing levels. These circuits
breck up the analog signal into three or four ranges. The level detector output
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FIGURE 17 CX-6 MONITORING INSTRUMENTATION SHOWING
TREND AND FAULT ANALYSIS PANEL
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TABLE 6 MONITOR INSTRUMENTATION PACKAGE COMPONENTS

PC Card Assembly

Card No. Name No. Reqd.
f Bl Monitor Instrumentation Power 1
|
B2 Temperature Monitor 2
, B3 Gas Flow Monitor 4
B4 Liquid Flow Monitor 1
| BS Three-Sensor Voting Logic 1
B6 Transducer Output Monitor 4
B7 Voltage Level Monitor 1
Bs(") Cooling Flow Monitor 1
B9 Sensor Scan Control Logic 1
B10 Scan Counter and Relays 3
B11 Status Indicator Logic 1
B12 Two-Sensor Discrepancy Detector 1
B13 Process Efficiency Computer 1
TOTAL 22
28V Input DC/DC Converters
Outout Voltage Major Use No. Reqd.
tis Amplifiers, Level
Detectors, Multipliers 1
+S Logic 2
+24 Lamps, Relays 1
TOTAL 4
a) e-w card assembly
. 36
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is connected to a storage circuit that keeps *vack of signals which have exceeded
leveis and then returned. The level datector outputs are also connected to the
subsystea status sumsary logic which, in turn, is used to drive a Subsystem
Status Summary Panel. The storage output, along with the level detector output,
is connected to logic and lazmp driver circuits which feed the indicator lamps on
the Trernc and Fault Analysis Panel.

A storage reset is obtained by operating the START/RESET pushbutton on the
subsystem control panel. To test the lamps, a lamp test input is provided to
the lamp drivers. An oscillator signal is provided to the lamp drivers for the
flashing red indication. The two switches connected to the storage, the logic
and lamp driver outputs and the malfunction flag indicator are part of the BIC
equipment and are discussed below.

Individual cell voltages are monitored sequentially by a scanning circuit. Each
monitoring instrumentation package scans 45 cells. Two critical parameters in
each loop (i.e., module temperature and H,-in-air) are monitored with redundant
sensors. The redundant sensor signals arg compared within the monitoring instru-
mentation package. Out-of-tolerance deviation between signals illuminates the
respective ""Sensors Differ" lamp on the Trend and Fault Analysis Panel.

Built-In Checkout (BIC) Instrumentation. The BIC instrumentation is a small,
special-purpose computer designed to automatically check the performance of the
monitoring instrumentation circuit cards (B2, B3, B4, B6, B7 and B8, see Table
6) . The BIC accomplishes this sequentially by testing one card at a time. Also,
the BIC has automatic or manual test sequence initiation.

Description. Only one BIC is used to check out both monitoring instrumen-
tation packages. The BIC instrumentation is contained in an anodized aluminum
enclosure and mounts with a quick-connect fastener. The container has three
electrical connectors on its top surface. The components of the BIC are listed
in Table 8. Figure 20 is a photo showing the BIC instrumentation in relationship
to the control and monitoring instrumentation packages.

Operation. The function of the BIC instrumentation is to test the monitoring
instrumentation circuit cards. One card at a time is sequentially selected by a
two-wire-per-card, decimal-selection system. The card-select signal connects
the input and output switches to the artificial stimulus and test comparitors,
respectively.

For each card selected the test sequence continues as follows (see Figure 19):

1. The information contained in the storage circuit is transferred to a ;
temporary storage area in the BIC. i

2. The storage on the selected card is reset.

3. The artificial stimulus is stepped through three or four levels, as
required, and then returned to the green level. :
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TABLE 8

| PC Card Assembly

Card No. Name
' C1 Output Selector and Comparator
| Cc2 Reference Input Selector
? . Cc3 PC Card Selector
CcaA BIC Test Control Logic
CS Reference Signal Generator
TOTAL
28 Volt Input DC/DC Converters
Output Voltage Major Use
+15 Bias and Reference
Signal Generators
+5 Logic
TOTAL

41
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temperature, flow, biower speed, pressure, H,-in-air, current and voltage. The

4. The card output levels are compared to proper levels by the test |
comparitor for each input. i

5. The card storage circuit is reset. |

6. The temporarily stored information is returned to the card from the
BIC storage.

7. The card select code is changed and the next card is selected.

If, at any time during the test, an improper response is received from the card,

a flag signal is sent to the card to light the malfunction flag indicator on the
card. The flag signal is also sent to an indicator on the monitoring instrumenta-
tion Trend and Fault Analysis Panel.

Sensors. There are seven types of parameters monitored ty the CX-6 sensors:

sensors monitor and convert parameter levels (except voltage and current) into
electrical signals which are processed by the instrumentation. Table 9 is a
list of the CX-6 sensors. The table shows the function, type, range, location
and use for each sensor.

Temperature Sensor. The function of the temperature sensor is to convert
temperatures in the range of 283 to 311K (50 to 100F) tc an electrical signal
which can be processed by signal-conditioning electronics into the desired 0 to
5 volt range.

The temperature sensors used in the CX-6 system are glass-coated, bead thermistors
with a resistance of 100K ohms at 298K (77F) mounted in threaded metal rods.
Thermistors are stable, have large responses to temperature changes and do not
require a reference temperature device. The glass-encased thermistor is resistant
to chemicals and has a fast respon:-e time.

Flow Sensor. The function of the flow sensor is to monitor the flow rate
of the subsystem fluids. Each flow sensor consists of two thermistors mechan-
ically identical to the temperature sensors but with an electrically lower
resistance 2,000 ohms at 298K (77F). The two thermistors are electrically
heated by passing a current through them. Both heated thermistors are exposed
to the fluid but only one extends into the flowing stream. The other thermistor
is mounted in a stagnant fluid zone. As a result, the flowing fluid will cool
the sensing thermistor but not the reference thermistor.

The temperature difference between the two themmistors will increase as the
fluid flow rate increases. This temperature difference is converted to an
electrical signal. Ambient temperature changes in the flowing fluid will not
significantly affect the signal level because both thermistors will experience
the same temperature change.

Blower Speed Sensor. The function of this sensor is to monitor the rota- i
tional shaft speed of a blower. A toothed wheel is mounted on the blower shaft. |
As the wheel rotates, it passes by the sensing end of a magnetic, variable re-
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luctance pickup, producing an electrical pulse for each tooth. This signal is
converted to a voltage which is proportional to the blower speed of 0 to 377
rad/s (7 to 3600 rpm).

Pressure Sensor. The function of the pressure sensor is to convert pres-
sures to electrical signals to be used sn monitoring circuits. The pressure
transducers operate over 0 to 34.5 kN/m“ (0 to 5 psid) differential pressure
range, are powered by 24 VDC, and provide an internally conditioned, 0 to 5 volt
output.

H,-1n-Air Sensor. The function of the H, -in-air sensor is to detect the
presenZe of small quantities of H, in the pro%ess air as it leaves the modules.
This sensor is designed to operat& in the 0 to 2% Hz-in-air range.

Each H, -in-air sensor consists of two thermistors. A platinum catalyst is

attachgd to the sensing end of one thermistor. Both thermistors will indicate
identical temperature levels when they are exposed to air containing no H,. As
small amounts of H, are introduced into the air, the exothermic reaction 8f the

H, and 0, will occur on the catalyzed thermistor. The temperature of the catalyzed
tﬁermist r will then increase above the temperature of the uncatalyzed thermistor.
The difference in temperature between the two thermistors is converted to an
electrical signal by circuits in the instrumentation equipment.

Current Sensor. The function of the current sensor is to measure submodule
curreits and convert them to a voltage which is used in the current control
systen. The current sensors are precision-resistors used as shunts. These
shunis are loca : in the control instrumentation package.

Voltage Sensor. The function of the voltage sensor is to monitor the cell
and submodule voltages. All 90 cell voltages are monitored by means of a scan-
ning system built into the monitoring insirumentation. The voltage sensors are
simply voltage taps on the cells of each submodule.

Sensor LRUs. The sensor types descriked above are contained in several LRUs and
LRCs. Some contain more than one sensor. The following sections describe these
sensor assemblies.

Fluid Flow Sensor. The function of the fluid flow sensor LRU 307 is to
measuTe the cooling air flow to the modules and the liquid coolant water flow to
the CX-6 cold plate. Each sensor consists of two flow semsor thermistors mounted
in a specially machined fitting.

There are four fluid flow sensors used in the CX-6, two in the cooling air flow
paths (one per losp), one in the primary liquid coolant loop and one in the
redundant liquid coolant loop.

To maintain the LRU concept the sensors have electrical connectors and require
only a wrench for removal. An O-ring seal prevents fluid leakage of the
flow being measured into the atmosphere.

Figure 21 shows the two fluid flow sensors installed in the liquid coolant
lines.
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INSTALLED FLUID FLOW SENSOR .
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Differential Pressure Sensors. There are four differvntial pressure sensors
used in the CX-6, two cach of two types. Two sensors (LRU 230) are used to
measure the air-to-wat r differential pressures, one in each loop, and two
sensors (LRU 200) are used to measure the H,-<o-air diff.rential pressures, also
one in each loop. Off-the-shels Jifferentigl pressure transducers with builit-in
signal conditioning were used. The four transducers were bulkhead-mounted
having having quarter-inch tube fittings for the gas line connections and double-
end shutoff quick-connects for the liquid line connections.

Process Air Tnlet Sensor. The process .ir inlet sensor, LRC 327, performs
two functions: it supplies signals to the process air flow rate indication on
the Trend and Fault Analysis Panel, and supplies a temperature signal to the
GS... The flow sensing is accomplished through a matched pair of flow thermistors
while the process air temperature is sensed with a temperature thermistor.

The CX-6 has two process air inlet sensors, one mounted in the process air
stream to each electrochemical module. The sensors are mounted with four bolts
to blocks attached to the module compression plates. A gasket seal 1isolates
the process air st.eam from the atmosphere.

Process Air Exhaust Sensor. The process air exhaust sensor LRC 326 performs
functions: it senses the presence of H, in air, ana senses module temperature.
Figure 22 is a photo of a process air &xhaust sensor. The sensor consists of
three H,-in-air senscrs and two temperature sensors. The three H,-in-air sensors
are used to generate signals for voting logic and to drive indica%ors on the
Trend and Fault Analysis Panel. One of the two module temperature sensors is
used for module temperature control while the output of the other is used to
supply signals for the indicators orn the Trend and Fault Analysis Panel.

The CX-6 has two process air exhaust sensors, one each mounted in the process

air stream from each of the two electrochemical modules. The sensors are mounted
with four bolts to blocks attached to the module compression plates. A gasket
seal isolates the process air stream from the atmosphere.

Blower Speed Sensor. The function of the blower speed sensor, LRC 321 is
to measure the rctational speed of the process air blower. Two blower speed
sensors are used in the CX-6, one for each process air blower. The sensors are
bolted to the process air blower housings.

GROUND SUPPORT ATCESSORIES (GSA)
Various items of support equipment were designed, built and used in the oper.tion
of the CX-6. Their function was to supply the fluids, electrical inputs, controls
and instrumentation displays required for parametric and endurance testing of
the CX-6. Six GSA were provided:
1. Fluid Supply Unit (FSU)

2.  Air Supply Unit (ASU)
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3. Coolant Supply Unit (CSU)

4, Power Supply Unit (PSU)

5. Ground Accessories Control Unit (GACU)

6. Ground Checkout Unit {GCU)
A block diagram of the GSA is shown in Figure 23.

Fluid Supply Unit

All components of the FSU are housed in a single cabinet. The flows and pressures
of water and gascs used by the CX-6 and the GSA are controlled and monitored

from the control panel at the front of the cabinet as shown in Figure 24. The
FSU supplies fluids to the ASU and CX-6 for the following requirements:

ASU
CO2 - to maintain desired pCO2 in the CX-6 process air loop
HZO - to maintain desired dev point in the CX-6 process air loop
C2 - to maintain pOz at 21% ir the process air loop (closed loop
operation)
Air - to maintain desired tutal air pressure (leakage makeup in
closed-loop operation)
CX-6
H2 - for depolarization of the cell anodes
Nz - for purging of H, lines and anode gas cavities after either

or botn loops of the CX-6 have shut down
H,0 - for internal humidification (when required)

The FSU contains solenoid shutoff valves for CO,, O, and Nz. The N, solenoid
valve is a normally open type. Normal operation of the N,“valve is controlled
by a battery-powered circuit to provide properly terminatéd N, purge during a
line power failure. A complete power failure (i.e. line and gattery) will cause
a failsafe continuous N, purge of the CX-6. The CO2 and 0, supply valves are
normally closed and wilf shut off gas supplies durifig a power failure.

Tap water is supplied to the FSU. Water used for CX-6 internal humidifiers
passes through two ion exchange resin cartridges located in the FSU to remove
anions, cations and dissolved COZ' Tap water is directly routed from the FSU to
the ASU.

The FSU contains an H, humidifier capable of delivering H2 having a dew point
from 280K (45F) to amgient temperature.
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FIGURE 24 FLUID SUPPLY UNIT FRONT PANEL
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Air Supply Unit

The ASU supplies process air to the CX-6 at the desired pCOz, p0,, temperature
and dew point. The process air loop flowing through the CX-6 ana the ASU can be
operated in either a closed or open loop manner. In the closed loop operation,
air is recirculated and only make-up gases are added. In open loop operation
the ASU conditions ambient air to the desired pCO,, temperature and dew point.
The process air exiting the CX-6 is returned to l&)ient.

“he major components of the ASU are a cabin simulator tank, 2 temperature and
‘famidity controller, instrumentation and piping and valves.

Cabin Simulator Tank

This tank has been fabricated from clear, half-inch plexiglas with a volume of
0.40 m3 (14 £ft3). It serves as a mixing chaxber for make-up gases that are
added to the process air. Its volume allows for added control during transient
periods. The tank interfaces with the Oxidizable Contaminant Reawval System
(OCRS). V¥hen operation with the OCRS is desired, 4.72 x 10 3 u3/s (10 scfa) of
air is continuously circulated through the OCRS and back to the tank to maintain
levels of trace contaminant within acceptable ranges. The OCRS is discussed in
more detail on page 83.

Temperature and Humidity Controller

The temperature and humidity controller maintains process air dry bulb and dew
point temperatures by sequentially saturating, condensing and heating the process
air.

Instrumentation

The pCO,, humidity, total pressure and temperature of the process air are sensed
at the Inlet and outlet of the CX-6. Total air flow is measured with a Pitot
tube and slant manometer upstream of the CX-6.

Piping and Valves

Three-inch polyvinylchloride (PVC) pipe, two-inch flexible duct and PVC ball
valves were used to interconnect the major components.

Coolant Supply Unit

The functions of the CSU are to supply liquid coolant to the CX-6 instrumentation
cold plate and to provide a cold air source for cooling of the CX-6 modules.

Liquid Loop

A self-contained, refrigeration unit_iupglies chilled water to the CX-6 interface.
m

This unit can supply up to 7.57 x 10 /s (12 gpm) of coolant at 274.7K (35F}.
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Air Locp

A standard air conditioning unit controls the temperature and circulates cooling
air through an external plenum. Cooling air is drawn from and returned to this
plecum by the CX-6, as required for cooling the electrochemical modules. This
unit can supply up to 0.189 m3/s (400 scfm) of cooling air at 278.6K (42F).

Power Supply Unit

The function of the PSU is to supply electrical power to the CX-6 interface.

The FSU consists of a 115-VAC, 60-Hz, single-phase pnwer supply and two identical
AC-powered, 28-VDC power supplies, each capable of generating 25 amps. The two
28-VDC supplies are connected together with diodes so that with a failure in

one, the other will take over automatically. Protection against building power
faiiure is provided by a 28-VDC battery supply designed for 20-minute control
operation. The batteries are recharged from the standby DC power supply upon
resumption of the normal line power.

Ground Accessories Control Unit

The function of the GACU is to control the GSA for CX-€ operation. The GACU is
located in the same cabinet as the PSU and contains switches and meters for
controlling and monitoring various subsystem parameters of the CX-6 test setup.
The GACU cont-ol panel is shown in Figure 25.

The GACU contains a N, purge time delay circuit so that in the event of line
power failure the CX-6 will be purged, but not continuously. A switch located
on the control unit allows manual closing, manuel opening or normal, automatic

purge valve operation.

The CO, and 02 fed to the process air stream passes through solenoid valves
locatea 1n thé FSU but controlled by the GACU. When the CX-§ is manually shut
down or both lcops shut down due to a malfunction, the CO, and 0, flows are
stopped by a signal originating from the CX-6. ProvisionS are mgﬂ! to allov for
manual shutoff of the solenoid valves.

The GACU serves as an AC power distribution and protection center for the power
required for all the GSA and the CX-6. There are circuit breakers on each of
the lines and indicators on the panel noting when power is applied to the various
units.

Ground Checkout Unit

The function of the GCU is to display CX-6 parameter levels in engineering
units. It is not necessary that the GCU be connected to operate the CX-6. It is
only required when parametric data is desired. The GCU consists ¢f a parametric
data display (Figure 26) and a parametric cell voltage display (Figure 27). The
GCU is directly connected to the CX-6. Switches on the parametric data display
select which loop is connected to the readouts. The parametric data dispiay is

53

g




TANVA TINO T04LNOD SHIMOSSTIDOV ANNOYMD S HUNOT 4

- "
i ™~

MHYIY DNINHYM HOUNYD TYNEHON
MOILWAYINDD HNIDOHOAH

54

o

| B
1
: a g . ! s ' | 440 (&) ¢ " / % |
B . b \ b o L.t - i 2 5
i ! | 4018 Luvis JUNMOLNY &, JIIYWOLAY | 440
| . . HIMOd WAISAS ' ; - 4 - . - : L
! " L i ¥ - L . . - .- JIIYN h 7 -
| 4 1 OHIND . Ry 1 r
0 £_= 2 ) : : N 1HYLS 9:X2 ] : ?
& o L } s ' . —_— - ‘. . . in N 4
y ¥ ainoin : | amvni A1ddNS ‘00 (% Alddns ‘N LA | ON 4001 | ‘
- W ; - yIMOd 20~ : ; e 511438 HILVM ]

| d B : ro._ﬁv_ax__. JuNLY ¥3dN3L 19 ; _ S 1 3WNSS3MA 1VILHYd NIDAXO
= e i L LINTH v At SR N ey i 3 a0 R )
S UINQD SAHOSSAIOV LHOJANS ONNOUD .\ . : iy .
m.. i
| =
S,
1¥5) __
) _
= .
~¢ |




</

BLOWER SPEED

PRESSURE IFFFIENTIAI—[

PROCESS TRANSFER INDEX

INLET
m AR ’“z—[
OUTLET

~PARAMETRIC DATA DISPLAY

WESTON

H,-AIR

AIR-K,0

@

FIGURE 26 GROUND CHECK!

PARAMETRIC DISPLAY PA..

| wn
W

IJNIT




5
W=y . . P 1
| ‘lw.u_mvﬂ% ‘MGOﬁOOnDnm nnmnnnw“ﬂwﬂ\ﬂn« ﬁ‘_._\.ﬁﬂ_.ﬂ__\ﬂﬁﬁ...xq.mﬁ ,m
b - \
— = 3 |
_ 52 b
| o
T |}
3% =
y S 5 |
" . U o
v
#l = = EmEs = - E I PH....m A
' ; o W 0
Zz O 0
=2 <
3 = = o -
&
© 9
- |
~ o f
™ = |
= {
2 o _
= b |
GM K
- ,
< .
OOGOQGnCnnﬁAn~ ahwnr,rrﬁ_,rnzh ._w_qn-ﬁ-.~_.ﬁ... |

Life Systems, Jnc.




Life Systems. Inc.

both portable and capable of being rack-mounted. Polarity selection switches on
the parametric voltage display allow reading of both positive and negative
voltage levels for all 90 cells of the CX-6.

PRODUCT ASSURANCE PROGRAM

The Product Assurance Program encompasses the activities associated with Quality
Assurance, Maintainability, Reliability, Safety and Materials Control.

Quality Assurance
The Quality Assurance activities for the CX-6 consisted of the following:

1. Performance and documentation of receiving, in-process and final inspec-
tions of all CX-6 components received and manufactured.

2. Maintaining records of all supplier inspections and certifications and
all nonconforming items and corrective actions.

3. Insuring configuration control by monitoring the Drawing and Change
Control Procedures.

4. Monitoring subsystem design verification tests and off-design veri-
fication tests.

5. Monitoring the endurance test of the CX-6.

6. Insuring that workmanship was consistent with the one-man system built
on Contract NAS2-6118.

7. Monitoring electrical engineering conformance to Q-11.
Maintainability

The maintainability features incorporated into the CX-6 follow. For more detail
on maintenance procedures, see Reference 7.

Subsystem Overdesign

The CX-6 is designed to remove 6.0 kg (13.2 1h) of CO,/day at its nominal design
current density of 21,5 mA/cm? (20 ASF). Operacion a% over 43 mA/cm? (40 ASF)
has been demonstrated with a resulting CO2 removal rate of 12.0 kg (26.4 1b)

C02/day.

Subsystem Derating

The CX-6 CO, design removal efficiency had been established at 1.9 kg (1b) CO,/
kg (1b) 02 %onsumed. Test data indicate that the unit has a capacity of 2.3 ﬁg
(ab) CO,/"kg {1b) 02 consumed, representing a 17% allowance for performance
degradation.

Overdesign of CX-6 Hardware

Electronic parts have been derated by 30% or more. The subsystem current con-
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troller has been designed for 20A while normal operation is 4.88A. The process
air blower is designed to operate at 9.44 x 10 3 m3/s (20 scfm); its maximum
capacity is 0.0189 m3/s (40 scfm).

Automatic Control

A controller is incorporated in the CX-6 to vary process air flow rate and
module current to compensate for increased or decreased CO2 generation rates.

Provisions for Ease of Maintenance

The CX-6 contains 34 LRUs of 17 different types and 38 LRCs of 10 different
types. The maintenance access for all LRUs is from the front, back or left side
of the unit. The maximum LRU or LRC .iaintenance time is 40 minutes. Table 10
lists the tools required to remove and replace the LRUs and LRCs as well as
maintenance access and time required to accomplish the maintenance.

Trend Analysis

The trend analysis instrumentation included in the CX-6 provides advance warning
of out-of-specification operating conditions. This serves to avoid subsystem
shutdowns by alerting test engineers of problems before they degrade subsystem
performance.

Ten-Minute Downtime Specification

The subsystem contains a mixture of operating redundancy and spares so as to
allow continued operation in spite of repairs being made to the subsystem. The
CX-6 consists of two operating redundant loops. Each loop is capable of removing
6.0 kg (13.2 1b) COZ/day for a limited time.

Equipment Protection

Four equipment proteciton features have been included in the CX-6 to increase
the Mean-Time-Between-Failures (MTBF) of the subsystem:

1. Incorporation of sensors.
2. -Incorporation of current limiting devices (circuit breakers).

3. Incorporation of a process air filter to protect components from
contamination caused by GSA failure.

4. Incorporation of closed-loop temperature control to maintain module
temperature which prevents loss of moisture balance and therefore
increases cell and module MTBF,

Maintenance Tasks

A maintenance task list was prepared and is presented in Table 11.
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TABLE 11 CX-6 MAINTENANCE TASKk LiST

Maintenance Task Type

Task
No. Maintenance Task Description Servicing
1 Review Subsystam Status (a)
Summary Panel X
2 Check process air fiiters
3 Replace light bulbs
4 Replace Line Replaceable
Units or Components (LRUs
or LRCs)
5 Perform insitu cell maintenance

Potential
Scheduled Unscheduled
Maintenance Maintenance
XCO)
x()
X
X

(a) A flight system would accomplish this function through a computerized

system of instrumentation.

(b) A flight system would have the filter monitored or would only need

checking if the subsystem failed.

(c) A flight system would use the more reliable Light-Emitting Diodes (LEDs).
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Reliability
The reliability activities completed are descrived belov.

Electronics Parts List

An Electronics Parts List, Ames Research Center Form ARC-23, was prepared and
submitted.

Reliability Analysis

A reliability mathematical model and anilysis was pr formed on the CX-6 design.
The spared reliability -~ the CX-6 is 0.9997. Thiz exceeds the reliability goal
of 0.998 for the system. The MTBF is 4355 hours. The spares required for the
CX-6 to attain this reliability are presented in Table 12.

Failure Mode Effects and Criticality Anclysis (FMECA)

The FMECA performed on the CX-6 analyzed all possible equipment failure modes
and classified each according to criticality. The criticality levels are:

I Failure - A single failuare which could cause loss of p<rsonnel.

IIa Failure - A single failure whereby the next associated failure
could cause loss of personnel.

IIb Failure - A single failure whereby the next associated failure could
cause return of one or more personnel to earth, o. loss of
subsystem function(s) essential to continuation of space
operations and scientific investigation.

II1I Failure - A single railure which could not result in less of primary
or secondary mission objectives or adversely affect crew
safety.

The results of the FMECA revealed twelve criticality II failure mode.. Seven

were associate. with external H, leakage from components in the H., line. One

was associated with H crossove% in the electrochemical modules. “One was the

fail-low failure mode“of the H,-in-air sensors. Two were associated with the

failure modes of the H, bypass“solenoid. The last was caused +y the fail-npen
failure mode of the H2 check valve.

Single-Point Failure Analysis (SPFA)

A single-point failure is a singlc failure which could cause loss of personnel,
could cause return of one or more men to earth or could make it possible for the
next associated failure to cause loss of personnel (criticality I anu IIa failure
modes) .
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TABLE 12 CX-6 SPARES

No. of
Part No. LRU/LRC Title Spares Req'd.
297 Blower, Process Air 2
296 Blower, Coolirg Air 1
274 Valve, Solenoid, H2 1
249 Valve, Solenoid Hz Bypass 1
250 Valve, Solenoid, Water 1
275 Valve, Solenoid, N2 1
290 Valve, Check, Hz 1
235 Accumulator, Water 1
248 Filter, Process Air 1
313 Instrumentation, Monitor 1
314 Instrumentation, Gontrol 1
307 Sensor, Fluid Flow 1
200 Sensor, Differential Pressure, Hz-to-Air 1
230 Sensor, Differential Pressure, Air-to-Water 1
317 Mounting, Hz Flow Sensor and Bistribution 1
<1 Submodule 3
327 Sensor, Process Air Inlet 1
326 Sensor, Process Air Exhaust 1
278 PC Card B2, Temperature Monitor 1
279 ) PC Card 83, Gas Flow Monitor 1
280 PC Card B4, L’ . uid Flow Monitor ]
282 PC Card B6, ... .ducer Monitor 1
283 PC Card B7, Voltage Levei Monitor 1
284 PC Card B8, Coolant Flcw Moniter with Logic 1
62
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Analyses were performed on the CX-6 for the following five hazardous failure
modes :

§
»
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1. External H, leakage from all components and fittings in the HZ lines.
2. Gas crossover in the electrochemical modules.

3. Fail-in-bypass failure mode of the H, bypass solenoid valve.

4. Fail-open failure mode of the H2 check valve.

5. Fail-low failure mode of the process air exhaust sensor..

The SPFA describe the safety consequences of each hazardous failure mode, document
the corrective action taken to minimize the hazard, and detail the justification

for retaining the hazard.

Safety

The Safety Program consisted of identifying dangerous subsystam characteristics
and failure modes, performing a Safety Hazard Analysis, reviewing nonmetallic
and metallic materials lists, reviewing designs and design changes for potential
safety problems and reviewing NASA alerts for safety information.

The SEA was conducted on all criticality I and IIa failure modes as deter-
mined in the FMECA. Analyses were performed for the following five hazardous

failure modes:

1. External H, leakage from all components and fittings in the H2 lines.

2
2. Gas crossover in the electrochemical modules.

PR

3. Fail-in-bypass failure mode of the H, bypass solenoid valve.

PGP ¥ R 9

4. Fail-open failure mode of the HZ check valve.

5. Fail-low failure mode of the process air exhaust sensor.

As a result of the safety activities associated with the design of the CX-6,
various personn~' and equipment protection features were incorporated.

R T PPN

Personn 1 Protection Features

1. An overtemperature limit on the air cathode exhaust senses for any
heat-producing gas recombination.

2. A sensor detects the presence of H, in the air cathode 2xhaist.

3. Trend analysis indicates two levels of off-design operation (caution
and warning) prior to the point where personnel would come into danger.
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4. All equipment is grounded to protect against electrical shock.

S. Electronic adjustments are located at the front of the subsystem (.
avoid exposure to voltage hazards during subsysteam diagnosis.

6. Critical liquid and gas lines are color-coded to prevent incorrect
connections.

7. Rotating equipment is limited to the four air blowers. The blowers
have all rotating parts enclosed.

8. Low-speed air blowers limit noise pollution.

9. All H2 lines are purged with N2 prior to and after maintenance.

10. The CX-6 materials were selec%eg in accordance with NASA Flammability
and Outgassing Specifications 6) to increase the subsystem safety with
regard to fire hazards and outgassing.

11. All liquid lines are stainless steel or Teflon to avoid fluid con-
tamination.

12. A check valve isolates each loop of the CX-6 H2 supply during wain-
terance on LRUs in the H2 lines.

13. Quick-connects with double-end shutoffs protect against leaks when
replacing water-carrying LRUs.

14. Electrical equipment which presents a shock hazard is covered with a
protective guard.

15. The "hot" electrical connectors are always the female socket.

16. A lamp test button is used to verify operability of all panel indicators.

Equipment Protection Features

1. An automatic startup sequence eliminates subsystem startup errors.

2. DC/DC converters protect the electronics from input noises and transients
end prevent spurious failure signals to other instrumen:ation or equipment.

3. The submodule liquid lines are located below subsystem instrumentation
packages and are operated at a negative pressure relative to ambient
to minimize leakage.

4. Redundant (two) module temperature sensors sense module air exit

temperature.
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10.
11.
12.

13.

14,

15.

16.

17.

18.

19.

A kigh H,-to-air pressure differential (AP) shutdown protects the
sublodulg against cell matrix breakthrough.

A high and low air-to-water AP shutdown protects the submodule frem
flooding.

A temperature shutdown is provided fcr excessive submodule temperature.

A temperature sensor in the control instrumentation packages protect
the electronic parts from high-temperature damage.

A filter in the process air line prevents particulate contaminants and
moisture droplets from entering the process air blower and the cabin.

A low cell-voltage shutdown protects against out-of-tolerance operation.
Separate power supplies are used for each instrumentation package.
Redundant wire bundles are routed separately and in different locationms.

A lamp-test button is used to verify the operability of all panel
indicators.

Trend analysis indicates two levels of off-design operation to protect
the subsystem from improper operating conditions, malfunction or
equipment degradation.

Power supplies are designed to accept peaks and transients by proper
selection of component ratings.

Circuit breakers protect equipment from ge due to high current
drain.

All electronic component are grounded.

Manual override techniques on critical automatic functions permit safe
operation during an emergency.

No Hz-carrying LRU can be maintained prior to N2 purge.

Materials Control

The method employed for evaluating metallic and nomnmetallic CX-6 materials is
summarized in Figure 28. This method of materials acceptances functions as

follows.

Drawings are used to control the material identification. The metallic

materials are evaluated for acceptability through analysis. They are either
found acceptable or the design is - “dified to incorporate an acceptable material
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(I). If an acceptsble metallic material cannot be identified, a deviation
request would be submizted, for acceptance of the material with configuration

control (II).

The nonmetallic materials are also evaluated for acceptability. Nonmetallic
materials are listed on the Nonmetallic Work Sheet. Their acceptance results, via
any one of three routes are shown in Figure 28. Acceptance, is, therefore, a result

of (1) prior demonstration of its acceptability; (2) being enclosed in a sealed or
vented container that (a) is similar to a previously tested container or (b) was

specifically designed and successfully tested; or (3) actual testing at NASA
facilities.

The actual testing is done on the material itself, and if found unacceptable, on
the material's boiler plate configuration. If acceptance by testing proves
unsuccessful and hazard removal is not pussible, a deviati-n is submitted.

The nonmetallic materials in the CX-6 were screened for acceptance per NASA
Flammability and Qutgassing Specifications(6). Several nonmetallic materials
did not meet the flammabi‘ity requirements; for these, acceptable replacements
or configurations w2re identified. A summary of the nonmetallic and metallic
materials contained in the CX-6 is listed in the Material Data Summary, Tables

13 and 14, respectively.

TEST PROGRAM

The major objective of the test program was to experimentally characterize the

CX-6, with special emphasis on the determination of subsystem performance variations
with time and its ability to satisfy the reliability and maintainability goals

used in projecting the application of the electrochemical CO, removal technique

to future manned space missions. To accomplish this objectiVe, a five-part test

program was completed:
1. Component checkout and calibration tests
2. Submodule checkout tests
3. CX-6 shakedown tests
41 Parametric tests
5. 180-day endurance test
The CX-6 test facility, including the subsystem and GSA, is shown in Figure 29.
Component Checkout and Calibration Tests

Component checkout tests were performed for all CX-6 and GSA components. Calibra-
tion tests were performed on the following CX-6 components: temperature sensors,
pressure sensors, flow sensors, module temperature controller, cooling air

blower, process air flow rate controller, process air blower and current control-
ler. Calibration tests were performed on the GSA interface simulation and
parameter monitoring equipment: flow meters, pressure gauges, pressure regulators,
voltmeters, ammeters and temperature indicators.
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In addition, all trip levels on the circuit cards were set based on simulated
levels at the sensor input points to the cards. The magnitudes of these trip
levels in engineering units are shown in Table 7.

Submodule Checkout Tests

Submodule checkout tests were performed to insure that the module CO, removal
and electrical performance met or exceeded the design point. The sugmodule( 1)
checkout tests were conducted using the one-man system (CX-1) test facility‘ /.
A current density span was performed on each submodule and the results are shown
in Figures 30 and 31. All submodules exceeded th: CO, removal design point of
1.9 kg (1b) CO./kg (1b) 0 and the average cell voltage design point of 0.30V°
at start-up. %An average ce11 voltage of 0.25% was prcjected as a design point
after 180 days of operation.)

CX-6 Shakedo'n Test
After all compcnents had been assembled and integrated into the self-contained
subsystem, which, in turn, was integrated with the GSA, a shakedown test was
initiated. As a rasult of the shakedown test the following actions were taken,

Self-Contained Subsystem

1. The O-rings becween the 15-cell submodules provided insufficient
sealing and were replaced with gasket seals.

2. Power iine filters were added to process air blower controls to eliminate
concrol interactions.

Groun< Support Accessories

1. The wet-bulb sensing controller of the ASU temperature and humidity
control unit did not have sufficient accuracy to maintain constant
process air dew point and was removed from the system. The refrig-
erant loop expansion valve was replaced with an adjustable constant pressure
regulator to control the rressure and hence the temperature at which
the refrigerant evaporates in the process air condenser coil. The
control of the condenser coil temperature resulted in the desired process
air dew point control.

Parametric Testing

A parametric test program was conducted to characterize the performance of the
six-man subsystem. The effects of five parameters on performance were investigated:
process air pCO,, current density, process air flow rate, H, flow rate and
operating tempefature. Table 15 summarizes the ranges cver which the parameters
were varied during the testing. A total of 480 hours of subsystem operation was
accumulated during the parametric test program.

Measure of Performance

Two parameters can readily be used to describe the performance of an elasctro-
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chemical CO2 concentrator: Co2 removal efficiency and electrical efficiency.

Carbon dioxide removal efficiency cen oe expressed by a term culled the Tranfer
Index (TI) which relates CO, removal directly to O, consumption and is defined
as the ratio of the mass ofzco2 removed to the nasg of 02 consumed. Based on
the stoichiometry of the reactions involved, the TI is 2.75 kg (1b) cozlkg (1b)
0,.

2

Electrical efficiency is reflected by cell voltage. Since a CO, concentrator
produces electrical power, a high cell voltage reflects a high 51ectrical effi-
ciency. The theoretical voltage for the electrochemical reaction is 1.23V
while a typical operating voltage is 0.30V.

Effect of pCO,

Figure 32 shows the effeci of pCO, on TI and averzge cell voltage for the range
in pCO, of 80 to 1025 N/m™ (C.6 tg 7.7 mm Hg) at the indicated operating con-
dition§. Transfer Index increases and average cell voltage decreases slightly
as pCO2 increases.

The pronounced change of the slope in TI near 400 N/m2 (3.0 mm Hg) indicates a
change in the limiting CO. transfer mechanism. Parallel investigations have
shown that the steep portion of the TI curve is dominated by mass transfer
limitations of CO, within the cathode or process air compartment while the
flatter portion results when reaction limitations dominate. 3)

Effect of Current Density

Figure 33 shows the effect of current density on TI and average cell voltage for
the range in current density of 5.4 to 43 mA/cm- {5 to 40 ASF)., As current
density increases, average cell voltage decreases. A maximum value for TI of
2.6 occurs at approximately 11 mA’cm? (10 ASF). The TI decreases for both lower
-nd higher ~urrent density values. The curve for TI indicates that while in-
creasing current above the maximum TI value will result in increased amounts of
go transfexred, the efficiency at which this increased transfer is achieved
reases.

The decreasing cell voltage and increasing current density reflects an increasing
amount -of waste heat that must be removed from the el:ctrochemical cells by the
cooling air stream, since waste hes: generated is a direct function of current
and the difference between theoretical and actual cell voltage.

Effect of Process Air Flow Rate

Figure 34 shows the effect of process air flow rate on TI an” average cell
voltage for the range ir sir flow rate of 0.011 to 0.029 m3/s (23 to 61 scfm).

The TI increases and average cell voltage decreases slightly as air flow increases.

The rise in TI with increasing air flow is the result of an increase in the CO
mass transfer coefficient and in the effective or average pCO, level within thé
cathodue compartment. ) Above a certain air flow level inc. %es in 002 transfer
will diminish with increasing air flow rate.
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The cause for the slight variation in average cell voltage with changing air
flow is probably due to small variations in temperature and dew point levels of
the process air caused by the changing air flow through GSA humidity control
components.

Effect of H2 Flow Rate

Hydrogen flow rate was varied from 8.3 x 107° to 22.2 x 107° n3/s (5 to 13.3
1/min). This range in flow rate corresponds to 1.5 to 4.0 times the amount
required stoichiometrically by the electrochemical reaction. Both TI and
average cell voltage increases linearly with H, flow rate as shown in Figure 3S.
For the range tested the TI and cell voltage ificreases from 2.1 to 2.3 kg (1b)
C02/kg (1b) 02 and from 0.31 to 0.24V, respectively.

Effect of Module Temperature

The effect of module temperature on TI and cell voltage was investigated for the
range from 293 tc 302K (67.5 to 85F). For this range, only a minimal (<2%)
increase in both TI and average cell voltage results with increasiung temperature
as shown in Figure 36.

Endurance Testing

The endurance testing of the CX-6 was started immediately following the 480
hours of parametric tests. Figure 37 shows the TI and average cell voitage of
the CX-6 as a function of time. Also indicated are the ranges in oper.-ing
conditions experienced during the endurance test. A total of 4,536 Lou-s (189
days) were accumulated during this phase ol testing, bringing the total number
of operating hours for all testing to 5,016 hours or 209 days.

Transfer Index

A gradual decrease in TI was observed during the first 550 hours of endurance
testing (see Figure 37). The cause was traced to deterioration of the poly-
carbonate structural cell material causing an inward leakage of ambient, low
pCO, air into the cells' process air inlet manifolds and compartments, thus
lowering the TI. Subsequently, the polycarbonate parts were replaced with
polysulfone parts and, after the wmodules were recharged with electrolyte,
testing was resumed. Following recharge, the TI gradualiy increased, excecding
the design point level of 1.9 after approximately 500 hours. For the rema:rder
of the test (in excess of 3,000 hours) the TI remained level end stayed above
the design point.

Cell Voltage

The average cell voltage remained between 0.25 and 0.35 volts for the total test
time wiilhout deterioration. The fluctuations in the vcltage are attributed to
controlled and uncontrolled variations in process air humidity levels and anode
gas (H2 and CO2 mixture) backpressure variations.
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Backpressure

To demonstrate compatibility of the CX-6 with the elevated anode exhaust gas
backpressure of 31.0 kN/m® (>4.5 psig) required for SSP integration, the CX. 6

was operated at increased backpressure levels for the last 1500 hours of testing.
The backpressure was increased in three successive increments of 10.3 kN/m

(1.5 psig) each. A total of 220, 190 and 1100 hours of operation were accumulated
at 10.3, 20.6 and 31.0 kN/m2 above ambient (1.5, 3.0 and 4.5 psig), respectively.
The increase in cell voltage shown near the 3000 hour time period is due to the
icreased anode gas backpressure. As expected, no effect cn TI due to back-
pressure was noticed. ;

Insitu Cell Maintenance

During the endurance testing the insitu maintenance concept of individual cells i
was successfully demonstrated. Six cells were electrically isolated while

physically remaining within the electrochemical modules and exposed to all

process gas streams. The cells were electrically reconnected in pairs after

324, 811 and 3377 hours, respectively. Higher than average cell voltages were
experienced immediately after reconnection with average levels reached within

less than 100 hours.

Shutdowns

A total cf 29 automatic shutdowns were experienced during the 189 days of en-
durance testiig. Table 16 lists the shutdown cause, the frequency and the
number of shutdowns attributable to a specific cause. The manual shutdowns at
test termination and at the polycarbonate replacement are not included in Table
16.

The longest uninterrupted operating span was 29 days, being terminated by a loss
of building electrical power.

OXIDIZABLE CONTAMINANT REMOVAL SUBSYSTEM

fhe OCRS is a s~ *-.contained subsystem designed with a capacity to remove oxi-
dizable trace ‘. aminants from the atmosp.ere of a six-man regenerative life
support system. T[he major components are a catalytic oxidizer, two acid gas-
sorbent canisters, an ammonia-sorbent canister, a blower -nd control and mon-
itoring instrumentation. These components are packaged into an easily main-
taineble, compact subsystem (Figure 38). The OCRS operates in parallel with the
CX-6 through the cabin simulator tank of the ASU. A Trend and Fault Analysis
Display Panel is provided using PC cards common with those of the CX-6.

Figure 39 is a block diagram of the OCRS.
Process Descripticn

A centrifu alsblower circulates ambient air through the subsystem at a rate of

4.72 x 1072 m"/s (10 scim). Downstream of the fan the flow passes through two
prefilter beds before entering the catalytic oxidizer. These prefilter bed: are
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TABLE 16 CX-6 ENDURANCE TEST SHUTDOWN CAUSE SUMMARY

Shutdown
Cause Fiequency Number

1. Loss of building power ® 4 2,17,28,29

2. Operator error 1 13

3. Failure of GSA 19 1,3,4,5,7,8,9
12,14,15,16
18,21,22,23
24,25,26,27

4. Electronic component malfunct;on(b) 4 10,11,19,20

5. Mechanical component malfunction(c) 1 6

(a) Duration of building power loss exceeded GSA backup capability.
(b) Includes failure of two thermistors, one voltage operation-amplifier

and one temperature shutdown circuit component.

(¢) Includes failure of one hydrogen flow and distribution block.
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used to remove contaminants that would poison the .~talyst within the oxidizer.
The first prefilter bed or chemisorbent canister contains sorbeads coated with

copper sulfste to absorb trace ammonia from the process air. The second prefilter

bed contains lithium carbonate to remove trace acid gases. This canister was
initially charged with lithium hydroxide. During operation lithium carbonate is
formed by the reaction of CO, in the process air with the lithium hydroxide.

Within the catalytic oxidize2 air is passed through the cold side of the regenera-

tive heat exchanger where it is preheated by the hot outlet gas. An electrical
heater further raises the gas temperature to the required reaction temperature
of 644K (700F). Gas then passes through the catalyst bed where contaminants are
oxidized. The exiting gas is cooled to 394K (250F) in the incoming regenerative
heat exchanger and to 294K (70F) in a compact water air heat exchanger located
just outside the cataiytic oxidizer.

A postsorbent bed of lithium carbonate (CO, neutralized lithium hydroxide)
downstream of the catalytic nxidizer absorgs possible undesirable products of
combustion.

Hardware Description

The OCRS hardware consis.s of three canisters, catalytic oxidizer, blower,
liquid/air heat exchanger and control and monitoring instrumentation. The
overall size of the subsys:em is 71.1 cm (28 in) high, 63.5 cm (25 in) wide and
63.5 cm (25 in) deep.

Canisters

The chemisorb and the two lithium carbonate canisters are of axial flow design
and fabricated from aluminum with Teflon-coated interiors. Each canister con-
tains 2 2-micron Teflon filter at each end of the sorbent bed. Quick-connect
inlet and outlet flanges are used. Both flanges z2re located near the fronv of
the canister such that each canister can be removed and replaced from the front
uf the subsystem. The two lithiwm carbcnate canisters were designed to be
interchangeable to minimize spares reguiremeits.

Catalytic Oxidizer

The catalytic oxidizer's primary components are a 1 generative heat exchanger,
an electric air heater and a catalyst bed. Figure 40 shows a functional schema.
ic of the oxidizer. The heat exchanger is a five-pass, finned tube design. The
materials of construction were nickcl and 300 series stainless steel.

A 1C00-watt, cartridge-type heater with an Incoloy sheath is used. The catalyst
bed is made up of 0.32 cm (0.125 in) pellets of 0.5% palladium on alumina. The
interior of the catalytic oxidizer is insulated with flexible insulation which
reduces heat losses and maintains the exterior aluminum shell surface tempera-
ture below 322K (120F).

Blower

The OCRS blower is a seven-stage centrifugal type and is driven by a directly
coupied induction motor. The blower is foot-mounted und has quick-release
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flanges for the process air connectio.:..

Heat Exchanger

The liquid/air heat excrangcr is a compact, finned tuve heat exchange: modified
for the OCRS application.

Control and Monitoring Instrumentation

The contro! and monitoring instrumentation uses PC cax  .ummon to the CX-6.

i e o s S o et st Lok e Bt S,
oS g
S PN Z A

The control instrumeniation uses a closed-loop control to maintein the catalyst
bed at 644K (700F). The air temperature is sensed at the bed inlet to ; rovide
the ccentrol signal for the On/Off heater control.

The monitoring instrumentation monitors subsyster parameters, displays their
relative values on the Trend and Fault Analysis Pan-~1 of the OCRS and where
necessary, sends a shutdown sigral to the control instrumentation if a critical ;
parameter is at an ocut-of-tolerance 1/ . ...

o s o o

The parametes moniiored are blower speed, air flow rate, heater temperature
(high), catalyst bed tcmperature (high or low) and regenerative heat axchanger
temperature (high). For a high heater and catalyst bed temperature, the sub-
system is automaticclly shut down.

The monitoring instrumentaiion of the OCRS can interface with the BIC of the CX-
6 to automatically iden.ify malfunctioned PC cards. This information is dis-
played on the Trend and Fault A..l)-1s Panel of the OL..S.

PARALLEL TEC!MOLOGY PROGRAM

Several tests, studies, and analyses wecz completed to support the devel-ument

of the CX--¢ and CO, concentrator technology. These activities included deter-
mination of th: wa%er vapor pres.ure of aqueous soluvtions ot Cs,l0,, a 245-day
endurance and SSP support test of a three-cell submodule, a par%meéric post-
endurance test program on the one-man CO, concentrator suosystem (CX-1), develop-
ment of a rauit prediction concept, design and fabri.ation of a process ef-
ficiency (CO, removal) computer, eva.iuation of a prucess air humidity exchanger,
studies to ident’fy the use of the CO, concentrator generated electrical pcwer,
and the develspment of a h.midity conzroller.

Cesium Carbonate Water Vapor Pressure Determination

An ..xperiment was completec to measur : the water vap.. pressura above aquecus
sol:rions of C52C03 for 30 to 70% Cs,CO, by weight over a t-mp:rature range o°
283 vo 305K (50°to"90F). Figure 41 ghow the test apparatus used in the vapu.
pressure measurements. The solution was hold in a three-neck filask for temper-
ature monitoring, circulation of the vapor above the solution and the addition
of distilled water. Distilled water used to dijute the CsECOZ mixture was added

insitu so the flask would not ..ave to be removed from the tesi setup to change

89 3

i
Y
—— " . y TSI T ISTHRITRPR T R G o
T




1z g

Life Systems, Jne.

<&
‘\Q
v eladadidaly AL_A_'.AA
x
[ o)

— =
c 4
La A °, Nv#——unuw
(OOLANT —— . 1" i J
w l A Do, L
, = X
)
| . J
: SRR .
| oo o-
i )
| , sy
o _ ?____ o
couawns
ovr
z[GfA/g
(A) VALYE ~CooLawr 1N (S BATH

(B) VALVE ~8ATH WATER /N

(C) AGIIATCR

(D) THERMOCOUALE CONWECTED JO °F °

(E) THERMCCONUE DR THERMOMETER

(F) OGDEN TEMPERATURE CONTROLLER

G TYGON TvB:NG W/ CIAMP & FUNNEL

(N) 50 M BURRETTE

) 500 ML 3 NECKED FIASK

) AR OUILET FROM FIASK

KV DEW RN SENSOR COMIECTEL T
Molts 88O NYEROMLIER

() NEEDLE VALVE Fiow ConIRoL

(20) DiASWRAM PumP

N) ROFl, ¥ Lia JOPPER TUBING

(O) NEATER Covt

(P) LIGHT BB

(R) ROWERSTATT

(R) PLEXIGLASS Box

(T) ALEAIGLASS COVER
(V) THERMOMETER

(V) TYGON TUB.NG W/CiAMNPS
(WIMING MITE TEPMPERATURE REAOOUT
(X)AIR CODLANT iOOF

— — — —LLECTRR LINE

FIGURE 41 APPARATUS FOR WATER VAPOR PRESSURE MEASUREMENT

90

[T T

ke 1Y iy it 25 e nin

Y



Life Systems, Inc.

Cs,CO, concentration. The Cs CO3 solution was maintained at a constant temper-
ataresby emersing the flask ig a“constant temperature bath. The apparatus
allowed the gas above the Cs,CO., solution to be circulated at a controlled flow
rate through the dew point sgnsgr. The measurement apparatus was enclosed and a
light bulb was used to maintain the temperature of the apparatus above that of
ambient air to prevent condensation in the gas lines. As the gas was circulated,
the dew point was measured to give the water vapor pressure above the solution.
The results of the water vapor pressure measurements are shown in Figure 42.

Three-Cell, 245.Day Endurance and SSP Support Tests

The purpose of the test was to verify the changes made in baseline electro-
chemical cell design (from CX-1 to CX-6 baseline design) prior to testing the
CX-6 subsystem. Testing included operation at both CX-6 and modified CX-6 (SSP)
conditions. The latter was included to verify the operability of the CX-6
baseline cell at projected SSP operating conditions as early as possible in the

development of the CX-6.

Test Hardware

A three-position (module or single-cell) test stand was designed and fabricated.
Figure 43 shows a schematic of one of the three identical test setups provided
by the test stand. The stand features independent cell and inlet air dew point

temperature controls capable of supplying air and dew points as low as 278K
(41F). The stand is equipped with a low-voltage shutdown circuit for cell protection.

A three-cell submodule having the baseline materials of construction (LSI base-
line electrodes, asbestos cell matrix, nickel exmet gas compartment spacers,
nickel cooling fins and polysulfone structural cell frames and cell humidifier

housings) was used for the test.

Test Results

A 5874-hour (245 days) endurance test was completed. Figure 44 shows the TI and
individual cell voltages as a function of time. Table 17 is a list of the
shutdowns that occurred during the testing as indicated in Figure 44,

At 4028 hours the test stand was modified to run at SSP conditions (submodule
temperature from 298.5 to 293K (78 to 68F), nominal). A drop in the individual
cell voltages is noted and was expected since cell voltage is a function of
operating tempeiature. The TI was ..naffected by the change to SSP running

conditions.

At 4820 hours the module was subjected to SSP support parametric tests which
lasted for 307 hours, as referenced in Figure 44. At the conclusion of the
parametric <upport tests the cell was returned to nominal SSP conditions for the

remaining portion of the endurance test.

The purpose of the SSP support tests was to characterize concentrator perfor-
mance over the range of SSP operating conditions. These tests provided specific
operating data for expected ranges in air inlet dew point temperature, process
air flow rate and current density.
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TABLE 17 THREE-CELL ENDURANCE TEST SHUTDOWN CAUSE SUMMARY

Cause

Loss of building power

Operator error

Conversion of cell frames from
polycarbonate to polysulfone

Failure of GSA

Test stand modification for
SSP operating conditions
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Figure 45 shows that for the range of 278 to 284K (41 to 52F) in the air inleE
dew point temperature the TI, as a function of inlet pCO, from 253 to 453 N/m
(1.9 to 3.4 mm Hg), falls within a narrow band (*1%). Daring this test the
difference between module process air outlet temperature and air inlet dew point
temperature was held constant at 11K (20F). Thus, the dew point temperature at a
constant air inlet dew point to module temperature differential has essentially
no effect on TI over the SSP operating range.

To investigate the effects of process air flow rate, tests were performed at
current densities of 21.5 and 25.8 mA/cm? (20 and 24 ASF) foE ratios of air flow
rate per cell_go current density of 1.30 x 10°5 (m3/s®/mA/cm® (0.0256 scfm/ASF)
and 1.58 x_ 10 (m3/s)/(mA/cm2) (0.0311 scfm/ASF) over a range of pCO, from 267
to 400 N/m” (2.0 to 3.0 mm Hg). The results of these tests, shown in“Figure 46,
indicate that the air flow rate over the range investigated, has no significant
effect on the TI.

In a third test, current density was varied from 17.Z to 30.1 mA/cm2 (16 to 28
ASF at,a constantzratio of air flow rate per cell to current density of 1.4} X
10 > (m"/s)/(mA/cm”) (0.0278 scfm/ASF) over the pCO. range of 200 to 400 N/m
(1.5 to 3.0 mm Hg). Figure 47 shows the results of “this test. The TI was above
SSP design point at SSP operating conditions. Variations in TI were as eapected

for the range of pCO2 and current density tested.

The test was operator-terminated after 245 days of operation (initial schedule
called for only 209 days). The average TI during the test leveled off at ap-
proximately 2.20. The average cell voltage at CX-6 running conditions was 0.39
volts while for SSP operating conditions the average cell voltage was 0.25
volts.

CX-1 Post-Endurance Test Program
Five activities were carried out on the CX-1 (CO., Concentrator, Experimental,
One-Man Subsystem) after the completion of initidl parametric testing and a 180-
day endurance test.

Postparametric Testing

Three parametric tests to determine the effects of variations in H, flow rate,
process air inlet pCO, and process air flow rate on module (15 celfs) perfor-
mance were conducted go evaluate CO, concentrator performance after long-term
testing. Figures 48, 49 and 50 show the results of the tests. There was no
degradation in CO, removal performance. A degradation in cell voltage of
approximately 0.13 volts was observed for cell electrodes that had accumulated
more than 6600 hours of operation.

CX-1 Disassembly and Inspection

A post-test evaluation to inspect the materials of construction and identify
possible problems (such as duct blockage) that may have occurred during the 180-
day endurance test was completed. No observable electrode degradation was
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found. Copper corrosion at the edges where the titanium cladding was bonded to
the cooling fins was found. The module was reassembled with new matrices and
the original electrodes, charged and performance shakedown tested to verify the
moduie’s operability. The shakedown test was successfully completed.

Eftecc of Process Air Inlet Dew Point

The effect of process air inlet dew point variations en module performance was
determined following module reconditioning and shakedown testing. The CX-1 was
operated with dew points 4.4 to 7.8K (8 to 14F) below the module operating
temperature reflecting wet and dry operation (for an initial 53% Cszco3 charge).

Transfer Index increased from 2.15 to 2.32 and average cell voltage decreased
from 0.33 to 0.27 volts as process air inlet dew point decreased from 4.4 to 7.8K
(8 to 14F) (wet to dry) below module operating temperature of 299.7K (80F).
Hydrogen inlet dew points of 233.0K (-40F) (dry H,) and 294.1K (70F) had no
observable effectson TI or average cell voltage. e H, flow rate for the test
was 1.84 x 10 > m™/s (1.1 1/min).

Operation of Cells 1-8 and 8-15

The module was operated with cells 1 through 8 and then with cells 8 through 15
electrically connected. In both cases the remaining seven cells were still in
the module with air and H, but no current passed through them. The purpose of
the test was to determine"the effect of cell location on CO2 transfer.

To eliminate the effect of pCO, buildup in the series-connected anode gas com-
partments, both groups of cells were tested with and without CO, addition to the
inlet Hz. For the cases where CO, was added the mixture ratio gf Co, to
simulatéd the exhaust from the first seven cells. Hgdrogen flow was maintained
at two times stoichiometric for eight cells (9.65 cm9/s) and CO2 addition was
maintained at 7/15ths of one man's CO, production (2.98 cm3/s).“ The results
showed that for all cases tested therg was no observable change in either CO2
removal or electrical efficiency.

Cesium Carbonate Electrolyte Analysis

An analysis was completed of the Cs,CO, electrolyte extracted from the cell
matrices following "the 180-day endu;anée test for nitrate and sulfate ions.
These ions are products that would result from the adsorption of trace nitrogen
dioxide (NO,) and sulfur dioxide (SC;) contaminants in the process air feed. The
analysis shgwed concentrations of 1.63 to 1,67 ppm nitrate ions and 83.0 to 85.0
ppm sulfate ions. These low concentrations indicated that NO, and SO, were not
introduced either by the ambient air or as products of conbus%ion frolk the
catalytic oxidizer used during the 180-day endurance test.

Fault Prediction
A concept to predict impending failures or faults in an electrochemical module

was developed and incorporated into the CX-1. The fault prediction concept is
based on the general voltage/current curve for electrochemical power-producing
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cells. The polarization curves are divided into three polarizations: activation
or catalyst oriented, concentration or mass transfer oriented and ohmic or
electrolyte oriented. A general polarization curve is shown in Figure 51.

Three tests are used in the fault prediction analysis (see Figure 51):

1. A test to continuously monitor the change in module voltage from
startup indicating degradation in electrical performance caused by a
change in module polarization

2. A test to monitor the electrical capacity of each individual cell once
every 24 hours for a 15-minute test period indicating degradation in
both ohmic and concentration portions of cell polarization

3. A test to monitor the module's internal resistance once every 15
minutes with a sampling time of less than 30 milliseconds indicating
degradation in only the ohmic portion of the module's polarization.

When used together, these three methods of predicting module failure (a) cover
long-term effects (Test No. 1); (b) cover medium range, 24 hours, changes
responding to out-of-tolerance in operating conditions (Test No. 2); ani (c)
cover short range, one hour, changes in response to out-of-tolerance overating
conditions (Test No. 3). The tests are all module-oriented and, with develop-
ment, could become the major method for monitoring whether the device will be
able to maintain its CO2 removal function in the future based on present time
module characteristics.

Module Voltage Change (Test No. 1)

This test monitors the change in module voltage and elapsed time (t) since
system startup. It provides a direct readout of long-term chang2s in the three
types of polarization: activation, concentration and ohmic as well as infor-
mation necessary to determine the rate of change of this voltage.

The readouts for this test consist of a digital voltmeter and resettable timer.
In order to display module voltage change on the digital voltmeter, a circuit
has been included which automatically subtracts initial from present module
voltage. Two zero buttons are operated when a module is put into service to set
the initial module voltage and time at zero. From then on the change in wmodule
voltage is automatically tracked and displayed on the digital voltmeter.

Cell Moisture Balance (Test No. 2)

For 15 minutes once every 24 hours, module current is ~utomatically increased to
provide information about the cells' concentration and ohmic polarizations. An
internal clock is provided which produczs the automatic test sequence start
signal. The test sequence consists of disconnecting the cell voltage scan from
the normal trend analysis circuits and connecting them to a special test circuit
which automatically monitors all cells and will cause a panel light to come on
when a cell voltage drops below 0.1 volts. If, during the 15 minutes, any cell
voltage drops below -0.1 volts, the test will be terminated immediately and
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module current will be dropped to zero for approximately 30 seconds. The
current will then be returned to its original pretest level. A red illuminated
indication will be provided in the manual test-initiate pushbutton to indicate
that a low cell voltage test termination had occurred. During the 15-minute
test period a green light will be on in the manual test initiate pushbutton.

Module Resistance (Test No. .)

Once every 15 minutes for about 30 milliseconds a module-resistance test is
performed automatically. This test provides a direct readout of module ohmic
polarization on a digital readout.

The automatic start signal is generated by the internal clock. During this
test, the module current is controlled by the test equipment. Module current is
dropped to a low value and module voltage is read and stored. Next, the module
current is increased to a high value and the new (lower) module voltage is read
and subtracted from the previously stored low current module voltage. The dif-
ference is displayed on a LightEmitting Diode (LED) display. The voltage dif-
ference represents the change in module voltage caused by the programmed change
in module current.

The whole test sequence takes less than 30 milliseconds with the majority of

the time (26 milliseconds) reserved to allow module current to reach *“e desired
value after each change is requested. Because of this very short test time,
only module ohmic polarization voltage changes which respond instantaneously to
current changes are measured and displayed. A manual Module Resistance test-
initiate pushbutton is provided.

Instrumentation and Display

The fault prediction instrumentation package is shown in Figure 52. Figure 53
shows the front panel of the one-man system. The fault predicton display is
contained in the upper right corner and consists of:

1. A digital voltmeter to read change in module voltage.

2. A zero pushbutton to zero the digital voltmeter reading after main-
tenance.

3; A resettable timer to monitor time since maintenance.

4. 15 cell status indicator lights.

S. Low cell voltage indicator light.

6. Provision for manually initiating the cell moisture balance test.
7. Moisture balance test indicator light.

8. A LED digital display to read change in module voltage during the
module resistance test,

9. Provision for manually initiating the module resistance test.
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.__._ o am ORMTAL CONVERTER

FAULT PREDICTION INSTRUMENTATION PACKAGE

FIGURE 52
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Fault Prediction Features

1. Operation is completely automatic.

U e A L WG B ;
I
ok st

2. Circuit cards are maintainable.

3. Information to determine long-, medium- and short-term effects in
response to out-of-tolerance operating conditions on the electro-
chemical C02 removal module is provided.

4. Information which can be used to determine module expected life is
automatically provided.

S. The output data can be used to correct operating conditions before
module failure occurs to extend module operating life.

6. The moisture balance and resistance test currents are adjustable.
7. The concept can be adapted to other electrochemical devices.
Process Efficiency Computer

The function of the analog process efficiency computer is to provide a direct,
instantaneous and continuous readout of subsystem CO, removal efficiency (TI).
The TI calculation is based on the process air flow ;ate, inlet and outlet
process air pCO, and the CX-6 submodule (15-cell) currents. Conditioned signals
from the sensorg that monitor these parameters are fed into the process ef-
ficiency computer where TI is calculated. A photo of the computer PC card is

shown in Figure 54,
Humidity Exchanger Evaluation

A humidity exchanger was designed, fabricated and tested to remove moisture from
the cathode air exhaust stream of a concentrator module and transfer it to the
cathode air inlet stream. This module was constructed using two 0.076 cm (0.030
in) porous nickel placques separated by a 0.025 cm (0.010 in) asbestos matrix to
provide sufficient differential pressure capability. Porous nickel alone would
not support sufficient differential pressure to allow proper operation.

The tests showed that the humidity exchanger performed its function as expected.
There would have to be one humidity exchanger cell per concentrator cell to
properly condition the concentrator inlet air. This would result in a large
humidity exchanger module which makes the concept unattractive.

Use of Concentrator Power
The power produced by the concentrator modules is converted into heat in all the

€O, removal systems built to date. In spacecraft systems, power is usually a
pricious commodity. A double benefit will be realized if the power is used

rather than wasted:
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1. The power provided by the concentrator reduces the power the space-
craft has to provide.

2. A reduction in cooling requirements for the subsystem will occur
because of the reduced heat generation within the subsystem.

Each of the above produces an equivalent weight reduction in the spacecraft
support subsystems. The CX-6 modules produce 154 watts of electrical (DC) power
at nominal operating conditions. Assuming an 80% efficiency for the necessary
conversion and interface equipment, 123 watts can be removed from the spacecraft
power source requirements which saves 33.1 kg (73 pounds) at 0.268 kg/W (0.591
1b/watt) in equivalent weight and the same amount of power does not contribute
to the atmospheric heat load for an additional savings of 24.5 kg (54 pounds) at
0.197 kg/W (0.435 1b/watt) in cooling equipment. The conversion and interface
equipment will weigh less than 4.5 kg (10 pounds). The net system savings would
then be more than 53.1 kg (117 pounds).

General Concepts For Using Concentrator Power

Two basic approaches are available for the use of the module power:
1. Use it to power some small device in the subsystem.

2. Add its power to the main power being fed to the concentrator sub-
system.

In either case, the concentrator power has to be backed up by spacecraft power
because the concentrator may be off at some time during its operation. Also,
because of concentrator load requirements and power characteristics, some form

of power conditioning with isolation must usually be used between the concen-
trator and the load.

Both of the above approaches can be accomplished by series or parallel methods
(i.e., series means adding the voltage from the concentrator to the spacecraft
voltage and parallel means adding the currents). In order to determine which
approach to take a complete analysis of the specific application must be made.
This study should include evaluation of the following.

1. What device (or total subsystem) to be powered.

2. Series or parallel methods.

3. Variation in concentrator power (voltage variations as well as load
current variations).

4. Efficiencies of the DC/DC converter and power control needed between
the concentrator modules and the load being powered.

5. Weight added compared with weight saved.
6. Reliability.

7. Spares.

111

S ek R A




Life Systems, Jne.

Although the idea of wasting power (i.e., converting it to heat) is basically
opposed to normal procedures in spacecraft designs, care must be taken to be
sure that the use of this power results in a true system savings when the
overall picture is analyzed.

Humidity Controller

The modules used in electrochemical CO., concentrating subsystems such as the CX-
1, CX-6 and CS-6 require proper moistu%e balance to prevent cell flooding or dry
out. An electronic circuit was designed, fabricated and tested with the CX-1
subsystem which provided automatic control of module moisture balance. The
control operates to maintain a constant temperature difference (AT) between the
dew point temperature (DPT) of the incoming process air and the dry bulb temper-
ature (DBT) of the process air leaving the module.

Figure 55 is a functional block diagram of the humidity control system.

The DPT signal from dew point sensor DP1 is added to a AT signal from manual set
point potentiometer P1l. This sum DPT + AT is compared with the DBT signal from
temperature sensor TS1 and used to control the cooling blower such that if DET
is above DPT + AT, the blower is on and if DBT is below DPT + AT, the blower is
off. Thus, the control will operate to satisfy the following relationship:

DBT = DPT + AT 1)

or

DBT - DPT = AT 2)

This shows that the difference between module dry bulb temperature and process-
air-in dew point temperature will be held at a constant value as set on the
manual set point potentiometer. Electrical hysteresis (intentionally added) and
system thermal lags serve to prevent rapid cycling of the cooling blower.

SUMMARY OF SSP CONVERSION ACTIVITIES

The electrochemical CO, removal technique was selected as baseline for the Air
REvitalization Group (ARG) of the SSP. Subsequently, the concept demonstrated
with the one-man subsystem (CX-1) and with the CX-6 was chosen by NASA as the

primary SSP CO2 Collection Subsystem.

A second six-man subsystem (CS-6) was subsequently designed and fabricated
according to updated SSP design specifications and philosophies(4»5). A de-
tailed description of the CS-6 development activities is presented in Reference
2.

Mechanical Design and Packaging
The mechanical design of the CS-6 is functionally similar to that of the CX-6.
The subsystem is constructed using the same electrochemical modules as tested in
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the CX-6, but expanded from 90 to 96 cells for performance derating and to allow
for insitu cell maintenance. The remaining subsystem hardware is fabricated
from new materials. The LRU concept is again used. Wiere applicable, com-
ponents common to other SSP subsystems are used. This '"commonality' concept
reduces the total number of spares for the SSP. Table 18 lists the LRUs of the
CS-6. Packaging of the subsystem evolved through a series of Design Reviews and
the use of full size subsystem mock-ups.

Figures 56 and 57 are photographs of the front and rear views of the CX-6 with
the locations of the major LRUs indicated. Figure 56 shows the CS-6 with a
Ground Support Panel installed for testing without the SSF's computer. The
overall size of the CS-6 is 1.51 m (5.0 ft) in height by 0.69 m (2.3 ft) in 3
width by 0.71 m (2.3 ft) in depth. The resulting volume is 0.73 m> (26.5 ft
The CS-6 weighs 368 kg (809 1b) for a packaging density of 497 kg/m3 (29.5
1b/ft3). Efforts to optimize subsystem weight were given secondary emphasis.
Primary emphasis was placed on maintainability.

).

Electronic Design and Packaging

The CS-6 is designed to interface with two computer systems: Acceptance Checkout
Equipment (ACE) located at Johnson Space Center and Information Management
System (IMS) located at Marshall Space Flight Center.

All electronics within the CS-6 are incorporated into two electronics enclosures
called the Primary Controller and the Emergency Controller. The purpose of the
Primary Controller is to control all parameters critical to the operation of the
subsystem; to configure the subsystem in response to mode commands from ACE/IMS;
to automatically shut down the subsystem for time critical parameters; to inter-
face with ACE/IMS for component overrides used in Fault Detection and Isolation
Analysis (FDIA) routines; and to process sensor information for presentation to
ACE/IMS.

The purpose of the Emergency Controller is to shut down the subsystem should the
Primary Controller or ACE/IMS via the Primary Controller fail to do so when
subsystem operation is out-of-tolerance or when safety conditions warrant sub-
system shutdown.

Operating Modes

The CS-6 has five modes of operation: normal, dump, standby, shutdown and purge.
The first mode of operation, normal mode, is one in which the subsystem is
operating in a normal fasion similar to the CX-6, but with the H, and CO, exhaust
from the CS-6 vented tc the CO, reduction subsystem. In the dumg mode tﬁe CS-6
is operating with the H, and Ca exhaust vented to vacuum. In the standby mode
the CS-6 is not operatiﬁg but i% standing by for a command to go back into
operation. This mode i~ used in cyclic (dark side of earth orbit) operation.

In the purge mode the C3-6 is continually being purged to vacuum with N,. The
final mode of operation is the shutdown mode. This mode places the CS-g into a
shutdown condition. Even though the subsystem is shut down, data is continually
being sent to the data management system.
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TABLE 18 CS-6 LINE REPLACEABLE UNITS

Module. Electrochemical
Blower, Process nir
Blower, Cooling Air
Sensnr, Process Air

Valve, Shutoff, Llectric, Manual
Override

Valve, Shutoff, Electric, Manual
Override

Mounting, H, Flow Sensor §
Distributiog Block

Valve, Regulator, Backpressure
Sensor, Pressure

Sensor, Coabustible Gas
Controller, Prinary
Controller, Emergency

Unit, Data Acquisition
Mounting, Loa« Transistors

Valve, Shutoff, Manual

115

SSP Item ny.
No. Req'”
890 6
543 2
345 2
875 4
305 3
306 6
882 2
30 1
877 3
178 4
871 1
872 1
970 1
876 1
507 1

sSSP
Commonality

LRUs

;
i
:
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FIGURE 56 CS-6 (FRONT VIEW)
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CS-6 Testing

The CS-6 was subjected to subsystem shakedown tests, a 10Z-hour Design Verifi-
cation Test (DVT), a series of parametric tests for use in a computerized mathe-
matical model, and, prior to shipment to NASA JSC, a 100-hour continuous Acceptance
Test. All testing was successfully completed with the CS-6 exceeding the design
CO2 removal efficiency by 6% and the electrical efficiency (cell voltage) by

25%. The CS-6 has been delivered to NASA JSC for integration into an ARG.

CONCLUSIONS
The following conclusions are a direct result of this development.

1. A six-man, self-contained engineering prototype CO, concentrating
subsystem (CX-6) was successfully operated for a t%tal of 209 days.

2. The six-man subsystem is capable of removing 6.0 kg/d (13.2 1b/day) of
CO2 from air having a pCOz level of 400 N/m< (3 mm Hg).

3. The concept used to manifold process and cooling air for 45 cells in
parallel resulted in equal flow distribution.

4. The CX-6 is capable of operating with and without internal humidifiers.

S. A major contribution to successful operation is the identification of
out-of-tolerance operating conditions before shutdown to enable identi-
fication of the fault before performance degradation occurred, i.e.,
trend analysis.

6. The control and monitoring instrumentation provided fail-safe condi-
tions for unattended operation.

7. The CX-6 is capable of operating with SSP CO
interface specifications.

2 Collection Subsystem

8. A second six-man, self-contained CO., Concentrating Subsystem (CS-6)
was fabricated according to SSP spe%ifications and successfully demon-
strated design expectation by exceeding CO, remova' and electrical
efficiencies during subsystem DVT and a loa-hour Acceptance Test.

9. Life Systems' electrodes demonstrated successful operation for 245
days (scheduled termination) in a three-cell unit and for 224 days
(209 days in CX-6 plus 15 days in CS-6) in a 90 to 96 cell subsystem.

10. Carbon dioxide removal and electrical efficiency levels and variations
as a function of subsystem operating parameters were equal to those
established for the one-man subsystem under Contract NAS2-6118.

11, The standby electrical power capability of the GSA protected against

five momentary power interruptions snd thereby increased subsystem
mean-time-between-shutdowns.
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12.

13.

14.

15.

16.

17,

Electrical insit? cell maintenance is an effective means of reducing
subsystem spares and maintaining subsystea performance.

Knowledge of water vapor pressures above aqueous solutions of Cs,CO
as a function of temperature and concentration allowed definitios oi
operating tolerances and limits.

The materials of construction for the CX-6 baseline cells showed no
signs of deterioration during the 245 days of three-cell ‘it oper-
ation. (All but 76 days of operation were with baseline polysulfone.)

The postparametric test activities on the one-man, 15-cell module
following the total test program conducted under NAS2-6118 (278 days
of total operation except for electrodes which operated for 361 days)
showed no CO, removal efficiency degradation and only a 0.15-volt drop
in average cill voltage.

An analysis for NO, and SO, in the cell matrix electrolyte of the one-
man subsystem afte; 180 da}s of operation showed no buildup of these
species (either due to ambient air or products of combustion from the
one-man QOCRS).

A series of parallel technology activities provided for the successful

development of the CX-6 and CS-6 and helped to broaden the technology
base on which the electrochemical (:02 removal concept is based.
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APPENDIX A TYPICAL LRU SPECIFICATION,
BLOWER, COOLING AIR, LRU NO. 296

FUNCTION

The blower moves refrigerated air ove~ the external fins of the electrochemica:

module.

RESCRIPTION

The blower is a centrifugal type with a direct coupled motor. It is foot-
mcunted and has quick connect inlet and outlet flanges for ease of maintenance.

It is a Line Replaceable Unit (LRU).
DESIGN DATA

Performance Characteristics

Nominal Angular Velocity, rad/s (rpm)

Flow
-3/5 Scfm
0 0
0.094 200
0.120 255

Reliability Data
Failure rate, per Hr
MTBF, Hr
Spares

Physical Characteristics

Weight, k§ (Lb?;
Volume, w> (FtJ)
Basic Configuration, cm (In)

Material Characteristics

A. Nonmetallic

325 (3100)

Static gressure
at 101 kN/m~ (14.7 Psia)

N/n2 In Water

648
3l
0

2.6
1.25
0

10.9 x 1029

0.09 x 10°
2 (180-day mission profile)

See Attached Drawing No. 335

4.90 (10.8)

0.00464 (0.164)

19.05 (7.5) dia x 25.15 (9.9)
overall length

Black enamel paint, Fluorel L-3217

B. Metallic

Carbon steel, Cadmium, Aluminum

continued-
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Appendix A - continued

Electrical Characteristics

Power input, W
Voltage, V
Insulation
Capacitor, uf
Motor type
INTERFACES
Mechanical
Electrical

Connector

Mounting

ENVIRONMENT
Cabin atmosphere

MAINTENANCE LEVEL AND METHOD

160 @ 0.094 m/s (200 Scfm)
115, 60 Hz, single phase
Class F

2.6 @ 330 VAC

Induction

See Drawing No. 335

Amphenol No. M81511/01EA01P1

Mounts to module backplate via

four 1/4-20x1 hexhead cap screws
and 1/4-20 hex nuts. Also mounts
to cooling air blower support
bracket via four 10-32x1/2 panhead
screws. The support bracket mounts
to the module backplate via two

1/4 -20x1 hexhead cap screws and
1/4-20 hex nuts.

Replacement of the LRU is the first level of maintenance.

Time Required: <0.2 hour
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